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ABSTRACT 
AN INVESTIGATION OF RECYCLED/INDUSTRIAL MATERIALS TO 
ATTENUATE HYDROGEN SULFIDE RESULTING FROM THE USE OF 
CONSTRUCTION AND DEMOLITION DEBRIS FINES 
By 
Kelly Melendez Loaiza 
University of New Hampshire, September 2008 
One of the products of Construction and Demolition (C&D) debris recycling is 
C&D debris fines. C&D debris fines closely resemble soil. They may contain metal 
scraps, gypsum drywall, wood, soil, shingles, and concrete. Landfills have utilized C&D 
debris fines as alternative daily cover and/or shaping and grading material. The use of 
C&D debris fines has been linked to diffuse hydrogen sulfide emissions at landfills. 
Hydrogen sulfide emissions are not only a nuisance, but may pose a health hazard to 
landfill workers. This research investigates how recycled materials may be used to 
attenuate hydrogen sulfide emissions resulting from the use of C&D debris fines. 
Compounds indentified within the recycled/industrial materials evaluated most likely 
responsible for hydrogen sulfide attenuation are metal oxides and inorganic carbon. 




Due to market trends and environmental pressure, material recycling has 
increased dramatically. Markets have responded to demand by offering more 
opportunities for recycling. The caveat, however, is that to be economically feasible, the 
net cost to process and sell these materials must be less than the cost to dispose of them 
by traditional methods. 
One industry that has seen a significant increase in recycling within the last ten 
years is the construction industry (Tchobanoglous and Krieth, 2002). More recently, with 
the increased awareness of environmental impacts of previous practices, the general 
public is requesting "green" alternatives. In response to societal demands and market 
stability, construction and demolition (C&D) debris recycling has grown. 
C&D debris is often processed for recycling at C&D processing facilities. Some 
facilities receive and process only one type of C&D debris (e.g., concrete or asphalt) and 
others receive mixed waste that must be separated through various processes into 
marketable products. At facilities that process mixed waste, the C&D debris is sorted 
through either manual and/or mechanical means. Materials that have an end market, such 
as scrap metals, are sold. Other materials that do not currently have end markets, such as 
demolition gypsum drywall, are picked from the tipping area before processing. At well-
designed and operated facilities, more material gets recycled than disposed (e.g., a facility 
in New Hampshire has an 83% recycling rate) (NH C&D Debris Task Force Committee, 
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2008). Facility operators are continuously faced with the challenge of finding end 
markets for their recovered materials in order to remain in business. 
One byproduct of the C&D debris recycling process is C&D debris fines. The 
fines consist of the smaller-size fraction of C&D material, and most closely resemble soil 
(Townsend et al., 2004). Fines are typically classified as materials passing screen sizes 
from .5 cm to 7.6 cm (Jang and Townsend, 2000). The fines may contain dirt from the 
construction site as well as any other materials found in the C&D debris, including but 
not limited to metal, shingles, wood, and gypsum drywall (Townsend et al., 2004). 
Because of its similar physical characteristics, it has been proposed that fines could be 
used in applications where soil is typically used. Recent research however, has identified 
that C&D fines may contain contaminants elevated above beneficial use guidelines for 
clean soil, which would limit the use of fines in clean fill applications. C&D fines may 
contain any number of contaminants from C&D debris such as lead or arsenic, or even 
contaminants from the soil at the construction site, as soil makes up a significant fraction 
of the fines (Townsend et al., 2004, Jang and Townsend, 2000). 
A solution to the challenges of C&D fines application as clean fill is the use of 
C&D fines as alternative daily cover and/or shaping and grading material at landfills 
(Townsend et al., 2004, Jang and Townsend, 2000). Soil is typically applied as daily 
cover on the working face of a landfill at the end of the day in order to cover the 
compacted waste, prevent waste from blowing away and to control disease vectors. As 
modern landfills are engineered with liner systems and ground monitoring equipment, 
contamination from the use of C&D debris fines is not of concern (Tchobanoglous and 
Krieth, 2002). 
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The general consensus had long been that C&D debris contained minimal organic 
matter, and it was therefore considered inert, i.e., there would be little to no gas 
production from the debris (Flynn, 1998). Contrary to these expectations, C&D debris 
does in fact undergo anaerobic degradation as observed with municipal solid waste and 
releases gases as a result of the degradation (Jang et al., 2006, Lee et al., 2006). Hydrogen 
sulfide generation in landfills has been well documented in the literature, historically in 
municipal solid waste landfills, but also more recently in C&D debris landfills (Johnson, 
1986; Fairweather and Barlaz, 1998; Flynn, 1998; Kim et al., 2006; Lee, 2000). The 
hydrogen sulfide generation in landfills is attributed to the anaerobic respiration of sulfate 
reducing bacteria (SRB) (Johnson, 1986; Fairweather and Barlaz, 1998; Flynn, 1998; 
Kim et al., 2006; Lee, 2000). 
Though trace concentrations of hydrogen sulfide are present in all landfills gasses, 
high concentrations may be the result of the disposal of sulfur containing materials like 
gypsum dry wall (CaSC>4 • H2O) and/or the use of C&D debris fines containing gypsum 
drywall as alternative daily cover at landfills (O'Connell, 2005; Boger and Heguy, 2005). 
Emissions of hydrogen sulfide not only result in nuisance odor issues for residents near 
the landfill, they also may pose a threat to the safety of landfill workers (Lee, 2000; Lee 
et al., 2006). 
The goal of this research was to identify recycled industrial materials that will 
successfully attenuate hydrogen sulfide emissions from a landfill. Following hydrogen 
sulfide attenuation, it is presumed the material, once exhausted will be disposed of in the 
landfill. As a result, the mechanisms of attenuation were examined and evaluated to 
determine their stability under landfill conditions. Lastly, some materials that attenuated 
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hydrogen sulfide were explored for use within the landfill itself through simulation 
experiments to mitigate hydrogen sulfide production at the source. The focus on recycled 
industrial materials for this study is based on the premise that many industrial waste 
materials (without large markets) would be economically viable alternatives to current 
hydrogen sulfide mitigation technologies. 
This thesis is divided into five chapters. The first chapter consists of the 
introduction. The second chapter is a literature review of relevant topics including C&D 
debris* hydrogen sulfide, recycling, and landfills. This research contains two separate, but 
related studies. Each study has a dedicated chapter, which is intended to eventually be a 
paper for peer reviewed publication. Chapter 3 contains the first set of experiments, 
which investigate various materials for hydrogen sulfide attenuation, as well as 
characterize and discuss attenuation mechanisms observed. Chapter 4 includes the second 
set of experiments where select materials were evaluated for hydrogen sulfide attenuation 





The Sulfur Cycle 
As hydrogen sulfide generation in landfills is a part of the sulfur cycle, it is 
important to understand the sulfur cycle and the various reactions within it that are 
relevant to the landfill setting. There are a fixed amount of all elements on Earth; 
essentially it is a closed system. Sulfur is estimated to be the tenth most abundant 
mineral. Sulfur cycles through the ocean, atmosphere and land in what is collectively 
known as the "sulfur cycle." The lithosphere, which includes the Earth's crust and upper 
mantle, is the largest sulfur sink (Maier, et al., 2000). 
Volcanic activity is one of the primary sources of sulfur gas, predominantly sulfur 
dioxide (SO2) and H2S (Maier, et al., 2000). The sulfur gasses provide an essential link in 
the sulfur cycle, linking the atmosphere to the terrestrial and aquatic biospheres (Kelly, 
1988). Where these gases are not directly vented to the atmosphere, such as in terrestrial 
or aquatic environments, the gasses may become dissolved in the ocean and aquifers. The 
dissolved gasses tend to react with the surrounding rock forming soluble metal sulfides 
and metal sulfates. As a result, substantial amounts outgassed sulfur is converted to 
minerals (Maier, et al., 2000). Despite the reactions with hydrogen sulfide and 
surrounding rocks, some of the sulfur gases may reach the upper ocean and soil. It is in 
these environments that microbes begin to take up and cycle the sulfur. Eventually any 
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sulfur that has not reacted with its surrounding environment or been taken up by microbes 
will be released to the atmosphere (Maier, et al., 2000). 
Sulfur gasses are oxidized into water soluble sulfate (SO42") and enter solution 
once in the atmosphere. Sulfate is washed out of the atmosphere by rain. Most of the 
sulfur in the atmosphere is in the sulfur dioxide form (Maier, et al., 2000). Sulfur dioxide 
has significantly increased in the atmosphere as a result of human activities. 
Approximately one third to half of the sulfur dioxide present in the atmosphere is from 
anthropogenic sources primarily related to industry and automobile emissions. 
Additionally, strip mining has exposed significant amounts of metal-sulfide ores. Metal-
sulfide ores when exposed to atmospheric conditions produce acid mine drainage. There 
is a small fraction of hydrogen sulfide in the atmosphere, which is the result of biological 
activities (Maier, et al., 2000). The following Table 2.1 provides a breakdown of the 
global sulfur reservoirs. 
Table 2.1: Global Sulfur Reservoirs* 
Sulfur Reservoir 
Atmosphere (S02, H2S) 
Ocean 
Biomass 






















*From Maier, et al., 2000 
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Microbial Sulfur Cycling 
Microbes play a fundamental role in the sulfur cycle. Roughly 1% of the dry 
weight of a bacterial cell is sulfur. It is a crucial component of bacterial cells as it is 
required for the synthesis of the amino acids cysteine and methionine. Furthermore, it is 
required for some vitamins, hormones and coenzymes. Sulfur helps to govern protein 
folding within cells and therefore governs cell activity (Maier, et al., 2000). Amino acids 
contain sulfur in the reduced sulfide form, but there are also components of cells that 
contain sulfur in the oxidized state. Other compounds in cells which contain sulfur 
include glucose sulfate, choline sulfate, and phenolic sulfate to name a few (Maier, et al., 
2000). Table 2.2 presents the oxidation states of sulfur in compounds of metabolic 
importance and their relation to the microbial sulfur cycle. (Kelly, 1988) 















Exists in H2S, S2", 
depending on pH and is the 
form in compounds such as 
dimethylsulfide, methione 
or thiophene 
The elemental state, 
deposited by some sulfur 
oxidizers 
Sulpholipids contain this 
form, many organisms can 
oxidize 
Produced by some 
heterotrophs 
Most oxidized form of 
sulfur, form required for 
sulfur respiration by 
sulfate- reducing bacteria 
*From Kelly, 1988 
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As seen in Table 2.2 the oxidation states of sulfur cycle between +6 for sulfate (SO42") 
and -2 for sulfide (S2~) (Maier et al., 2000, Kelly, 1988). Figure 2.1 illustrates the various 
















Figure 2.1 Microbial Processes in the Sulfur Cycle 
(source: http://www.bact.wisc.edu/themicrobialworld/environmental.html) 
Microbial sulfur cycling processes can be distinguished by the following three 
categories, 1) assimilatory sulfate reduction and sulfur mineralization, 2) sulfur oxidation 
and 3) sulfur/sulfate reduction. Assimilatory sulfate reduction is the only form of sulfur 
reduction that occurs in both aerobic and anaerobic environments (Maier et al., 2000). 
Assimilatory sulfate reduction is an important microbial process by which 
microbes take up sulfur in the oxidized sulfate (SO4" ) form and then internally reduce it 
to sulfide (S2~) (Maier et al , 2000). In this process the microbes utilize the sulfate to meet 
required nutritional needs (Peck and Lissolo, 1988). One crucial component of this 
process is the internal reduction of sulfate to sulfide. By reducing the sulfate to sulfide 
internally microbes are able to internally incorporate the sulfide into the necessary amino 
acids and avoid sulfide toxicity. Sulfide toxicity occurs when sulfide outside of the 
microbial cells reacts with the metals in the cytochromes of the cell to form metal sulfide 
precipitates. Metal sulfide precipitates destroy cytochome activity and are therefore fatal 
to the microbe (Maier et al., 2000). Sulfur mineralization occurs when cells release 
sulfur from organic forms. This occurs under both aerobic and anaerobic conditions. Two 
common volatile byproducts of this reaction are hydrogen sulfide (H2S) and 
dimethylsulfoniopropionate (DMSP). DMSP will subsequently degrade to 
dimethylsulfide (DMS). Once released to the atmosphere, these gases are photooxidized 
to sulfate (Eq. 2.1) (Maier et al., 2000). 
UV Light +H20 
H2S/DMS -> SO42" -> H2S04 (Eq-2.1) 
Sulfuric acid 
Sulfur oxidation occurs under both aerobic and anaerobic conditions. One 
example of chemoautotrophic sulfur oxidation (Eq. 2.2) occurs in aerobic conditions 
known as microaerophilic conditions. Microaerophilic conditions are defined as an 
aerobic condition where there are low levels of oxygen. Reduced sulfur compounds, 
including thiosulfate (Jorgensen, 1988) under these conditions support the growth of a 
group of chemoautotrophic bacteria. These chemoautotrophs are considered the primary 
sulfur oxidizers. They prefer a low pH and they primarily oxidize sulfide to elemental 
sulfur, which is stored in their cells as granules. They are commonly found in marsh 
sediments (Maier et al., 2000). 
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H2S + ' / 20 -> S° + H20 (Eq. 2.2) 
In strictly anaerobic settings photoautotrophic sulfur oxidation occurs by green 
and purple sulfur bacteria. This group is able to oxidize sulfide, sulfur, thiosulfate, 
tetrathionate and sulfite to sulfate (Jorgensen, 1988). It is theorized that this group of 
bacteria evolved before there was oxygen present in the Earth's atmosphere. This group 
requires light to fix carbon and then oxidizes sulfide to sulfur as opposed to oxidizing 
water to oxygen (Eq. 2.3). These anaerobes are commonly found in mud, stagnant water, 
sulfur springs and sale lakes (Maier et al., 2000). 
C0 2 + H2S -* S° + fixed carbon (Eq. 2.3) 
Sulfur reduction under anaerobic conditions uses dissimilatory pathways as 
opposed to the assimilatory pathway previously described. Dissimilatory sulfur reduction 
uses an inorganic form of sulfur as a terminal electron acceptor (TEA). The two types of 
sulfur that are commonly used as TEAs are elemental sulfur and sulfate (Maier et al., 
2000). It should be noted however that there is evidence of oxidation of inorganic sulfur 
compounds which occurs through the disproportionation of thiosulfate (Eq. 2.4a) and 
sulfite (Eq. 2.4b) resulting in sulfate (Jorgensen, 1988). The sulfate could then be used as 
a TEA (Jorgensen, 1988; Dannenburg et al., 1992). 
S2032~ + H20 -»• SO42" + HS~+H+ (Eq. 2.4a) 
4S032" + H+ -> 3S042~ + HS" (Eq. 2.4b) 
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There are two types of metabolism that allow for the reduction of sulfur, respiration and 
dissimilatory sulfate reduction. An example of dissimilatory sulfate reduction can be seen 
in (Eq. 2.5). This reaction is catalyzed by Desulfuronomas acetoxidans, which is a 
bacterium that grows on small carbon compounds such as acetate and uses elemental 
sulfur as a TEA (Maier et al., 2000). 
CH3COOH + 2H20 + 4S° -» 2C02 + 4S2~ + 8H+ (Eq. 2.5) 
Another group bacteria including Desulfobacter, Desulfobulbus, Desulfococcus, 
Desulfonema, Desulfosarcina, Desulfotomaculum andDesulfovibrio (Maier et al., 2000) 
use inorganic sulfate as an ATP-requiring reduction as one of their terminal electron 
acceptors (TEA). They are collectively known as the sulfate-reducing bacteria (SRB) 
(Peck and Lissolo, 1988). SRB use H2 as an electron donor to drive sulfate reduction (Eq. 
2.6). SRB compete with methanogens because H2 is required for both groups as the 
electron donor (Maier et al , 2000). 
4H2 + S042" -»• S 2 + 4 H 2 0 (Eq. 2.6) 
Generally speaking, sulfate reduction is not a chemoautotrophic reaction because most 
SRB cannot fix carbon dioxide. Like sulfur reducing bacteria, sulfate reducing bacteria 
obtain their carbon from low-molecular-weight carbon compounds (Maier et al., 2000). 
The final product of sulfate reduction is hydrogen sulfide. Most of the small carbon 
compounds preferred by the two groups of bacteria are the by-products of the 
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fermentation of plant and microbial biomass that is typical of anaerobic environments 
(Maier et al., 2000). 
Hydrogen Sulfide Reactions with Minerals Containing Iron; Relevance to the Sulfur 
Cycle 
Reactions between oxidized iron minerals and sulfide resulting in pyrite have 
been well documented in the literature (Schoonen, 2004; Berner, 1984; Berner, 1982; 
Berner, 1970). The mineral pyrite, FeS2 is a common authigenic constituent of sediments 
in a variety of environments. Pyrite is almost always associated with the presence of 
organic matter in sediments (Berner, 1970). Thermodynamic calculations indicate that 
pyrite is only stable where dissolved sulfide is present in the absence of air (Schoonen, 
2004). Under oxidizing conditions, pyrite will slowly degrade. As pyrite degrades a 
yellow-orange precipitate (Fe(OH)3, commonly called "yellow-boy" is formed. The 
sulfur in pyrite is oxidized to sulfate (SO42). As pyrite is oxidized the surrounding area is 
acidified due to pH changes associated with pyrite degradation. It is the oxidation of 
pyrite that causes the acid mine drainage associated with coal mining (Faure, 1998). 
Most sedimentary pyrite formation occurs in the ocean sediments, however its 
formation is not limited to ocean sediments. Sedimentary pyrite also forms in lakes, 
swamps, and waste ponds (Schoonen, 2004). Pyrite forms in shallow burial due to the 
reaction between hydrogen sulfide and detrital iron minerals. The source of the hydrogen 
sulfide has been determined to be SRB bacteria in environments where geothermal 
venting is not a source (Berner, 1984; Berner, 1982; Berner, 1970). 
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Thermodynamically speaking pyrite is the most stable at 25 C in sedimentary 
environments and therefore would be the only expected product once equilibrium has 
been reached. Contrary to thermodynamic stability calculations, some iron monosulfides 
have been encountered in the field (Schoonen, 2004). It is theorized that metastable iron 
sulfides form as precursors to pyrite. Sedimentary pyrite formation can be described by a 
series of four general steps (Berner, 1970). The first step in sedimentary pyrite formation 
is the microbial reduction of sulfate by SRB. A general microbial reduction of sulfate 
reaction is given by Eq. 2.7, where CH2O represents sedimentary organic matter for the 
SRB (Berner, 1984; Berner, 1982). 
2CH20 + S042" -> H2S + 2HCO3" (Eq. 2.7) 
As is illustrated by the equation, bacterial sulfate reduction is directly proportional to the 
amount of dissolved sulfate and organic matter present within the sediments. The second 
step is the reaction of hydrogen sulfide with detrital iron minerals. The most reactive 
fraction of these iron minerals are the fine-grained hydrous ferric oxides (Berner, 1984). 
The fine-grained hydrous ferric minerals form as a result of weathering of continental 
crust and often appear as rust-colored coatings on other mineral grains. Other less 
reactive iron sources may include, but are not limited to iron within clay minerals, and 
iron present in unweathered primary minerals such as biotite, pyroxenes, amphiboles, 
magnetite and ilmanite (Berner, 1984). Finally, after the reaction of hydrogen sulfide 
with iron minerals, which forms black iron monosulfides, the monosulfides transform to 
pyrite over time (Berner, 1970). Berner, 1970 validated the hypothesis by many others 
13 
that the transformation of monosulfides to pyrite can be generalized by the following 
reaction (Eq.2.8). 
FeS + S° -»• FeS2 (Eq.2.8) 
Many studies have investigated the formation of metastable iron sulfides as 
precursors to pyrite formation. Pyrite forms from solutions supersaturated with 
amorphous FeS. The conversion of amorphous FeS to pyrite or mackinawite, another iron 
sulfide mineral, proceeds very slowly (Schoonen, 2004). In simulated lab experiments, 
pyrite formation was strictly isolated to areas rich in organic matter. As the hydrogen 
sulfide diffuses through the organic matter in sediments it comes into contact with ferric 
minerals. Subsequently a reaction between the minerals and the hydrogen sulfide occurs 
producing FeS, a precursor to pyrite. The FeS precursor then converts to pyrite over a 
period of time (Schoonen, 2004). Iron sulfides are precipitated in bands which are formed 
by the same process that causes Liesegang banding in sediments. Essentially as the iron 
diffuses out of the organic matter, it reacts with the immediate surrounding fraction of 
reactive iron. Once the reactive iron in this zone is depleted, the hydrogen sulfide will 
begin to diffuse past the depleted zone. Following diffusion through the depleted zone, 
hydrogen sulfide will reach a reactive zone and FeS will precipitate once again. It is this 
process that causes the hydrogen sulfide and iron diffusion patterns. These processes 
illustrate the intricate relationship between SRB, hydrogen sulfide, iron minerals and 
pyrite formation (Schoonen, 2004). The formation of pyrite in sediments is summarized 





Figure 2.2 Diagram Representing Sedimentary Pyrite Formation (Beraer, 1984) 
Interestingly pyrite is the only iron disulfide that typically forms. Marcasite 
another iron disulfide, does not exist in the ocean sediments (Schoonen, 2004). In 
terrestrial sediments such as the Magothy Formation on Long Island NY, both pyrite and 
marcasite are found. It is hypothesized that the presence of marcasite is a function of pH. 
Marcasite will dominate pyrite at pH below ~5 and the pH of the Magothy aquifer can be 
as low as 5.5. Typically, in terrestrial environments it would be reasonable to expect 
pyrite to dominate marcasite, due to the fact that pyrite dominates at a neutral pH. Pyrite 
will also dominate marcasite at higher temperatures and marcasite eventually converts to 
pyrite over time as it is metastable (Schoonen, 2004). Regardless of the form of iron 
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sulfide present in the sediments the literature clearly identifies a link between SRB, 
hydrogen sulfide, iron minerals and the resulting iron sulfide minerals that form. 
Municipal Solid Waste Landfilling 
In an ever evolving environmentally conscious society, the safe and reliable waste 
disposal for municipal solid waste (MSW) and solid waste residuals is a vital component 
of a waste management system. MSW is defined as waste from residential, commercial, 
institutional and some industrial sources. Solid waste residues are classified as waste that 
is not recycled, remains after the processing of materials at a recovery facility or remains 
after the recovery of conversion products and/or energy (Tchobanoglous and Krieth, 
2002). In the past, waste was typically deposited on or in the surface soils or dumped into 
the ocean. Ocean dumping as a waste management tool for MSW was abandoned in 1933 
by the US. Landfilling, the deposition of waste into the soils of the earth, continues 
(Tchobanoglous and Krieth, 2002). Landfills are one of the oldest and most popular 
forms of waste disposal (Kjeldsen et al., 2002; Pholand et al., 1983). Previously, landfills 
were constructed often times with little regard to long-term protection of public health 
and the environment. Modern day landfilling has evolved over the last twenty years and 
now involves careful planning, design, operation, environmental monitoring, closure and 
post-closure management. Practices have changed significantly in landfill management to 
protect both public health and the environment (Tchobanoglous and Krieth, 2002). 
The term sanitary landfill refers to a landfill that has been designed and 
engineered to mitigate public health and environmental impacts for the disposal of MSW 
(Tchobanoglous and Krieth, 2002). The management of current sanitary landfills is 
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accomplished through several requirements which include construction details, operation 
procedures, leachate management, landfill gas management, groundwater monitoring, 
landfill gas monitoring, closure methods and finally post-closure monitoring (Hickman, 
1999). 
The US EPA estimates that in 2006, Americans generated about 251 million tons 
of municipal solid waste (MSW). MSW does not include industrial, hazardous or 
construction waste. Of the 251 million tons generated in 2006, approximately 138 million 
tons of MSW was disposed of in landfills. The various fractions of MSW are broken 
down in Figure 2.3 (US EPA, 2007). 
Other, 3.30% 
Food Scrap 
Yard Trimmings, 12.90% 
Wood, 5.50% 





Figure 2.3 Municipal Solid Waste Generated in 2006 Before Recovery 
(US EPA, 2007) 
As the number of landfills in the US has declined significantly in recent years, the 
average landfill size has increased. Nationally, landfill space does not appear to be an 
issue, however space is limited in some areas of the US (US EPA, 2007). 
As mentioned previously, landfills are complex engineered systems designed for 
waste disposal. The primary structure within a landfill is the cell. As a landfill is being 
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constructed, the solid waste is spread and compacted in layers within a confined area. At 
the end of each working day the waste must be covered completely with a layer of soil or 
alternate cover material, which in the case of soil is then compacted. The layer is called 
daily cover or intermediate cover (Hickman, 1999). Alternative cover materials may 
include composted MSW, composted yard waste, agricultural residues, synthetic foam, 
geomembranes and construction and demolition debris. The cover is used for a variety of 
reasons, including improving the aesthetic appearance of the landfill, but more 
importantly to limit the amount of surface infiltration, and to eliminate the harboring of 
various disease vectors (Tchobanoglous and Krieth, 2002). A cell is composed of 
compacted layers of waste and daily cover. Figure 2.4 illustrates typical landfill 
construction (Hickman, 1999). 
Cross Section, Typical Solid Waste Sanitary Landfill 
Item Normal Value 
Cell Height 6 Feet -15 Feet 
Slope 4H:1V - 2H:1V 
Daily Cover 6 Inches 
Intermediate Cover 12 Inches 
Final Cover Variable 
Figure 2.4 Cross Section, Typical Solid Waste Sanitary Landfill 
(Washington State Department of Ecology, 1987) 
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Following waste deposition in the landfill, the waste will subsequently begin to 
degrade. Sources of both aerobic and anaerobic bacteria that degrade waste in a landfill 
include the waste and cover materials. Other sources of organisms include digested 
wastewater treatment plant sludge and recycled leachate. There are a variety of complex 
reactions that occur as waste degrades in a landfill. Table 2.3 provides a list of the 
primary factors which affect the rate of reactions within the sanitary landfill (Hickman, 
1999). 
Table 2.3 Primary Factors Affecting Rate of Reactions within Landfill* 
Factor 
Size of Particles 
Shape of Particles 
Density 





Effect on Reaction Rate 
Larger materials in a sanitary landfill slow 
down the reaction and vice-versa 
Odd shaped materials do not compact as 
well as more uniformly shaped ones 
Denser materials enhance the compaction 
within a sanitary landfill, but slow the 
decomposition process 
The higher the organic material content of 
the waste, the more rapidly decomposition 
and chemical reactions occur 
The presence of oxygen will slow or stop 
the anaerobic degradation process 
Moisture is required for decomposition, 
but too much can retard the process 
Anaerobic organisms function best in 
temperatures ranging from 100-104 °F but 
higher or lower temperatures can 
significantly reduce or stop their activity 
Anaerobic organisms function within a 
narrow pH range of 6.6-7.4 
*From Hickman, 1999 
Research suggests the degradation of MSW in landfills can be broken down into 
specific stages based on leachate and landfill gas parameters (US EPA, 1975; Pohland, et 
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al., 1983; Kjeldsen et al., 2002). Throughout the degradation processes in landfills the 
waste undergoes a complex series of chemical and biological reactions (Kjeldsen et al., 
2002). Pohland et al., 1983 identified five phases of waste degradation, (1) an initial 
adjustment phase, (2) a transition phases, (3) an acid formation phase, (4) a methane 
fermentation phase and lastly a (5) final maturation phase. 
The initial adjustment phase is characterized by the period when the refuse is 
initially deposited and the preliminary moisture accumulates within the waste. The 
organic components in the waste begin to undergo aerobic decomposition (US EPA, 
1975; Pohland, et al., 1983; Tchobanoglous and Krieth, 2002). In the transition phase, the 
field capacity is exceeded and leachate is formed (US EPA, 1975; Pohland, et al., 1983). 
A transition from aerobic degradation begins as oxygen present in the void spaces is 
rapidly consumed. This results in the production of CO2 and waste temperature increases 
(Kjeldsen et al., 2002). Nitrate and sulfide, which can serve as TEA also begin to be 
reduced resulting in the production of hydrogen sulfide, nitrogen gas and carbon dioxide. 
Oxidation/reduction potential measurements are useful in determining the onset of the 
anaerobic conditions. Reducing conditions that will result in the reduction of both nitrate 
and sulfate occur at approximately -50 to -100 Mv (Tchobanoglous and Krieth, 2002). 
Acid formation is marked by a period in which intermediate volatile organic acids 
become more predominant with the continuing hydrolysis and fermentation of the refuse 
(US EPA, 1975; Pohland, et al., 1983). In this phase, cellulose and hemicellulose, which 
composes between 45-60% of the dry weight of MSW is degraded by three groups of 
bacteria. Hydrolytic and fermentative bacteria hydrolyze polymers and ferment the 
resulting monosaccharides to carboxylic acids and alcohols (Kjeldsen et al., 2002). As 
20 
acids are formed during this stage, the pH of the leachate will drop. The biological 
oxygen demand (BOD), chemical oxygen demand (COD) and the conductivity of the 
leachate increase significantly in this phase. As a result of the low pH of the leachate 
many inorganic constituents, primarily heavy metals will solubilize (Tchobanoglous and 
Krieth, 2002). Acetogenic bacteria subsequently convert the acids and alcohols to acetate, 
hydrogen, and carbon dioxide (Kjeldsen et al., 2002). Essential nutrients are also taken up 
from the leachate during this phase. If the leachate is not recycled back into the landfill, 
then essential nutrients removed in this phase will be lost from the system. If leachate 
does not form in this phase, the conversion products produced during this phase will 
remain in the landfill as sorbed constituents in the water held by the waste 
(Tchobanoglous and Krieth, 2002). The methane fermentation phase is distinguished by 
the generation of methane from the intermediate products formed in the acid formation 
phase (US EPA, 1975; Pohland, et al., 1983). Methane fermentation is said to occur once 
measureable quantities of methane are produced (Kjeldsen et al., 2002), though methane 
fermentation may occur simultaneously with acid fermentation. Methane fermentation 
typically occurs around oxidation/reduction potential values of-150 to -300mV 
(Tchobanoglous and Krieth, 2002) or lower. Methanogens convert the resulting end 
products of the previous acetogenic reactions in phase 3 to methane and carbon dioxide. 
In this phase, both the COD and BOD concentrations begin to decrease. The pH also 
begins to increase as the acids are consumed within the landfill (Kjeldsen et al., 2002). As 
the pH of the leachate begins to rise, fewer inorganic constituents remain in solution and 
as a result the heavy metal concentration of the leachate begins to drop (Tchobanoglous 
and Krieth, 2002). Methanogens, like many bacteria responsible for degradation in 
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landfills require anaerobic conditions, a neutral pH, sufficient moisture and a specific 
range of temperatures in order to ensure their survival. The last phase, final maturation is 
marked by relative dormancy. In this phase the readily available organic constituents 
within the refuse and leachate have been biologically stabilized (Kjeldsen et al., 2002). 
Moisture will continue to migrate through the waste and any remaining portions of 
biodegradable material that were previously unavailable will be converted. The rate of 
landfill gas generation decreases significantly in this phase. This occurs as there are a 
limited amount of nutrients in the leachate and easily degradable substrates within the 
landfill have been degraded. The substrates that remain are slowly biodegraded. The 
leachate in this phase will also typically have higher humic and fulvic acids 
(Tchobanoglous and Krieth, 2002). 
The duration of the phases within the landfill will vary significantly and depend 
upon the distribution of the organic constituents within the landfill, the availability of 
nutrients, the moisture content of the waste, moisture routing through the waste material 
and the degree of initial compaction (Tchobanoglous and Krieth, 2002). If sufficient 
moisture is not present the generation of landfill gas will be delayed. Also, if the material 
placed in the landfill is very dense it may also affect moisture migration through the 
landfill and therefore result in moisture shortages in some areas, which in turn will reduce 
the amount of bioconversion and gas production (Tchobanoglous and Krieth, 2002). 
More recently it has been suggested that following the methane fermentation 
stage the landfill may become aerobic when methane production ceases and air is able to 
infiltrate the landfill (Kjeldsen et al., 2002). This theory has not been tested due to the 
fact that landfills have only been scientifically monitored for a period of approximately 
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30 years. Currently landfills that are actively being monitored are in the methane 
fermentation stage and therefore no definitive conclusions can be drawn regarding the 
potential for landfills to become aerobic once again (Kjeldsen et al., 2002). 
Construction and Demolition Debris Generation and Management 
Construction and Demolition debris (C&D debris) is defined as waste that results 
from the construction, renovation and demolition of structures. These structures include 
buildings of all types (residential and nonresidential), road paving projects, bridge repair 
and the cleanup of both human made and natural disasters (Tchobanoglous and Krieth, 
2002). Based on EPA estimates, construction and demolition activities (not including 
transportation applications) contribute approximately 136 million tons annually to waste 
disposed of in landfills within the US (US EPA, 1998). Table 2.4 provides an overview of 
the general sources of C&D debris and the types of waste associated with those sources 
(Hickman, 1999) 
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Table 2.4 C&D Debris Sources and Types of Waste Associated with Sources1 






Type of C&D Debris 
Concrete, ferrous metals (beams, wall 
studs, piping), brick, stone, wood 
products, electrical and plumbing fixtures, 
electrical wiring and mixed rubble. 
Mixed waste including wood products, 
roofing materials, wall board, insulation 
materials, ferrous and non ferrous metals 
(wall studs, piping, wiring, ductwork) and 
carpeting. 
Concrete, (with and without reinforcing 
bars), asphalt, right-of-way clearing 
materials (timber and underbrush) and 
earth fill. 
Earth, sand, stones, mixed materials found 
during excavation. 
Timber, underbrush, earth, concrete, steel, 
ruble and other waste materials (paper, 
plastic, brick and organics) 
*From Hickman, 1999 
Within the last ten years, significant efforts have been made with regard to C&D debris 
recycling. In the future it is anticipated that C&D debris recycling will continue to 
increase as disposal costs increase and our resources are depleted. Efforts to reduce the 
quantity of C&D debris include source reduction, reuse and recycling (Tchobanoglous 
and Krieth, 2002). 
One of the primary challenges to developing markets for C&D debris are the 
highly variable characteristics of the material. More stable markets began to emerge for 
recycled C&D debris in the 1990's as landfilling costs for C&D debris rose and the 
awareness of the economic value of many C&D debris materials increased. Most of the 
C&D debris that is not recovered or recycled is landfilled in separate C&D landfills 
(Hickman, 1999). As of 2002, an estimated 35 to 45 percent of building related material 
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was disposed of in C&D landfills. Approximately 20 to 40 percent of building related 
materials was co-disposed with MSW (Tchobanoglous and Krieth, 2002). 
C&D debris recycling methodologies can be broken down into three general 
categories, salvaging, source separation and mixed processing. Salvaging refers to the 
recovery of materials during construction and demolition activities. Materials that are 
typically recovered may include doors, windows, decorative pieces, architectural artifacts 
and fixtures to name a few. Source separation focuses on separating recyclable materials 
from non-recyclable materials at construction and demolition sites (Hickman, 1999). 
Though waste is sometimes separated, modern C&D processing facilities are capable of 
receiving mixed waste. The material is then processed by separating the material into 
separate fractions (Townsend et al., 2004). C&D debris processing facilities generally 
have a tipping area where waste is unloaded, a waste picking line, a hopper, a conveyor 
belt, a magnet, a screen shaker and a grinder. Figure 2.5 provides a picture of a C&D 
processing facility. 
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Figure 2.5 C&D Recycling Operation, note the production of C&D debris fines 
(Townsend et a l , 2004) 
Screening of C&D debris is generally completed early in the process. The types of large 
screens used include bar, trommel and vibrator screens. The material that passes through 
the screen is often termed recovered soil/screened fines (Jang and Townsend, 2000) or 
C&D debris fines. Typical screen sizes range from .5 cm to 7.6 cm (Jang and Townsend, 
2000). Often times mixed C&D debris contains significant amounts of soil from the 
construction or demolition site. Recovered C&D debris fines can comprise up to 20% or 
more of the mass of recovered material at a C&D processing facility. The fines may 
contain soil, small pieces of building materials such as wood, concrete, gypsum drywall 
and shingles (Townsend et al., 2004). Prior to waste separation C&D debris may also be 
size reduced. Methods of size reduction include crushing using steel-wheeled 
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compactors, grinding or other heavy equipment. The size reduced material then proceeds 
through a variety of processes to separate the different materials. These processes may 
include manual sorting, screening, magnetic separation and density separation. Large 
bulky waste is easily separated by manual picking or a mechanical arm. The remaining 
waste fraction is then processed to remove any remaining reusable materials (Jang and 
Townsend, 2000). At a minimum, product streams from C&D debris processing facilities 
typically include wood, concrete/masonry/brick and metal, along with a product made up 
of the fine materials (Townsend et al., 2004). Fines that are typically well screened, 
which contain primarily soil may be permitted for beneficial use as a substitute for soil, 
however beneficial uses for fines may be limited due to the presence of trace metals and 
organic chemicals (Townsend et al., 2004; Jang and Townsend, 2000). 
In all facilities the goal of the operator is to find a market, permissible by 
regulations, that is less expensive than paying landfill tipping fees for C&D debris 
derived products. Through this rational, it becomes evident that in order for a C&D 
recycling program to be economically feasible, processors must find markets for all their 
major products including C&D debris fines (Townsend et al., 2004; Jang and Townsend, 
2000). There are a variety of reuse options other than soil substitution for C&D debris 
fines that have been considered. Daily cover at landfills is an option that is currently 
practiced. Another option would be to use the fines as fill material or soil substitute. 
C&D facility operators often opt to use the C&D debris fines as construction fill for 
embankments and berms when possible because in many cases the fines can be returned 
to the same site or a similar site where they were generated. One of the challenges of 
using C&D debris fines is that it is sometimes contaminated with heavy metals and 
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organics, as previously mentioned (Townsend et al., 2004; Jang and Townsend, 2000). 
Trace metal contamination can come from three sources, 1) the soil in the C&D debris 
stream itself, 2) from small pieces of hazardous building material (for example treated or 
painted wood) and/or 3) from leaching of hazardous materials comingled with the waste 
stream (Townsend et al., 2004). 
Hydrogen Sulfide Generation in Landfills 
One source of hydrogen sulfide is the result of anaerobic reduction of sulfate by 
SRB as outlined in the sulfur cycle (Johnson, 1986; Fairweather and Barlaz, 1998; Flynn, 
1998; Kim et al , 2006; Lee, 2000; Yang et al., 2006; Lee et al., 2006; Takeshita and 
Higuchi, 2007). Hydrogen sulfide generation in landfills is the result of the reduction of 
sulfate, which may be present in various components of municipal waste. It has been 
documented in both MSW landfills and C&D landfills that significant quantities of 
hydrogen sulfide result from the reduction of gypsum wallboard (CaSO^EbO) by SRB 
(Johnson, 1986; Fairweather and Barlaz, 1998; Flynn, 1998; Kim et al., 2006; Lee, 2000). 
As the landfill enters the anaerobic stage of degradation, SRB metabolize the sulfate. 
Based on the reaction in (Eq 2.9) it is estimated that approximately one ton of hydrogen 
sulfide will be produced for every four tons of gypsum deposited in a landfill (Flynn, 
1998). 
2CaS04 + 4H20 + Anaerobic Microbes + Organic Matter —> 
2H2S + 5C02 + CH4 (Eq 2.9) 
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It is important to note that hydrogen sulfide concentrations in C&D debris landfills are 
generally higher than concentrations at MSW landfills (Flynn, 1998). Hydrogen sulfide 
concentrations in at gas collection wells in C&D debris landfills may range anywhere 
from below 3 ppbv to 12,000ppmv, depending on waste inputs and when readings are 
taken. It is important to note the concentrations within the wells are highly variable and 
the concentration may vary over several orders of magnitude. The variability is due to the 
heterogeneous nature of the C&D debris landfills (Lee et al., 2006). 
Issues with hydrogen sulfide generation at landfills have been well documented 
since 1986 (Johnson, 1986). One of the first documented cases of hydrogen sulfide 
generation directly linked to the disposal of gypsum wallboard was in Canada. An MSW 
landfill adjacent to a gypsum manufacturing plant began receiving significant amounts of 
gypsum wallboard waste from a wallboard manufacturing plant. It was determined that 
the hydrogen sulfide was the result of the anaerobic reduction of sulfate. The hydrogen 
sulfide concentrations in one corner of the landfill reached 63,675 parts per million (ppm) 
(Johnson, 1986). More recently Fairweather and Barlaz, 1998 identified a direct link 
between hydrogen sulfide concentration and the input of gypsum wallboard in landfills. It 
was also concluded that in MSW landfills where gypsum wallboard is deposited 
hydrogen sulfide will be generated. 
Previously it was thought that C&D debris used as clean fill and landfill cover 
would generate little or no gas. However, it has become evident that C&D debris 
produces significant amounts of hydrogen sulfide (Flynn, 1998; Yang et al., 2006; Lee et 
al., 2006). Hydrogen sulfide is not the only malodorous reduced sulfur compound (RSC) 
in landfill gas. Other RSCs such as methyl mercaptan (CH3SH) and dimethly sulfide 
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(DMS: (CH3)2S) and dimethyldisulfide (DMDS: (CH3)2S2) have been identified in 
landfill gas. Due to the fact that hydrogen sulfide is typically several orders of magnitude 
greater than other RSC concentrations, hydrogen sulfide may be the best indicator of 
malodor (Kim et al., 2006; Lee et al., 2006). It is estimated that hydrogen sulfide 
accounts for a total of approximately 90% of all RSC gas (Kim et al., 2006). 
In 2000, Lee conducted one of the first investigations, classifying C&D landfill 
gas. It was concluded that hydrogen sulfide is produced in all C&D landfills, including 
landfills that do not have odor issues. It was also determined that hydrogen sulfide could 
be produced with only the presence of water, gypsum wallboard and the paper backing on 
the wallboard (Lee, 2000). Researchers in Japan also confirmed that once exposed to 
moisture in anaerobic conditions, gypsum wallboard will begin to produce hydrogen 
sulfide within a short time frame (Takeshita and Higuchi, 2007). It can be concluded 
from these experiments that once gypsum wall board is exposed to moisture the paper 
backing is a sufficient carbon source to support SRB and therefore hydrogen sulfide will 
be generated (Lee, 2000; Takeshita and Higuchi, 2007). 
One challenge facing C&D recyclers are the problems associated with hydrogen 
sulfide generation upon landfill disposal. These challenges are not isolated to the disposal 
of large quantities of C&D debris, but also occur with the use of C&D debris fines as 
alternative daily cover at landfills (O'Connell, 2005; Heguy and Boger, 2005). Issues 
from the disposal of C&D debris in a C&D landfill were documented in 2005, The 
Massachusetts Department of Environmental Protection issued a notice of non-
compliance to a C&D landfill for failure to control odor. The notice stated the 
degradation of C&D debris was releasing hydrogen sulfide. Use of C&D debris fines as 
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alternative daily cover in New Hampshire resulted in numerous complaints of odor. As a 
result, in July 2004 the state banned the use of C&D fines as alternative daily cover at 
MSW landfills (O'Connell, 2005). It has been recommended that C&D fines no longer be 
accepted as alternative daily cover in an effort to mitigate hydrogen sulfide emissions 
(Heguy and Boger, 2005). If states begin to ban the landfilling of C&D debris in landfills 
or the use of C&D debris fines as alternative daily cover, it could have far reaching 
effects in the C&D recycling industry (O'Connell, 2005). 
Health Issues Associated with Hydrogen Sulfide Exposure 
Hydrogen sulfide is a poisonous, colorless gas. It has the distinct smell of rotten 
eggs (Agency for Toxic Substances and Disease Registry, 2006; US EPA, 2003). Typical 
ambient air concentrations of hydrogen sulfide from natural air sources range from 0.11-
0.33 parts per billion (ppb) (ASTDR, 2006).The odor threshold of hydrogen sulfide is in 
the range of 3 -20 ppb (US EPA, 2003). Many industries, which include natural gas 
production, wastewater treatment plants, landfilling, swine containment, manure 
handling, and pulp and paper production release hydrogen sulfide. Higher concentrations 
of hydrogen sulfide, in excess of 90 ppb have been recorded in communities living near 
natural sources of hydrogen sulfide or industries releasing hydrogen sulfide (ASTDR, 
2006). 
Typically exposure to hydrogen sulfide is through the inhalation route (ASTDR, 
2006). Quantitative data are lacking but toxicity studies indicate hydrogen sulfide is 
absorbed rapidly through the lungs (US EPA, 2003). Oral and dermal absorption have 
been documented as well, however it does not appear as though these routes contribute 
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significantly to the overall body burden (ASTDR, 2006). The typical "rotten egg odor" of 
hydrogen sulfide is an inadequate warning of exposure to hydrogen sulfide because 
exposure levels in the range of 100-200 ppm can lead to loss of smell followed by 
olfactory paralysis. Hydrogen sulfide exposure has been reported as a cause of morbidity 
and mortality in the work place. It has also been reported to cause olfactory dysfunction 
(US EPA, 2003). 
Following exposure, hydrogen sulfide distributes to the blood, brain, lungs, heart, 
liver, spleen and kidneys. The body metabolizes hydrogen sulfide primarily through 
oxidation, with the thiosulfate and sulfate as metabolites. Hydrogen sulfide is excreted in 
the urine (US EPA, 2003). Animal studies have confirmed the effects of hydrogen sulfide 
exposure observed in humans. Human data based on hydrogen sulfide exposure indicate 
that the respiratory tract and nervous systems are the most sensitive targets of hydrogen 
sulfide toxicity (ASTDR, 2006). 
In exposure to non-lethal high concentrations of hydrogen sulfide the most 
common response was loss of consciousness often referred to as "knockdown", followed 
by recovery. It is suspected that concentrations for this reaction occur between 500-1000 
ppm and the durations are less than one hour (ASTDR, 2006; US EPA, 2003). In cases 
where over exposure has occurred, several central nervous system transitory symptoms 
such as dizziness, nausea, headache and including "knockdown" have been attributed to 
the direct effects of hydrogen sulfide on the brain (US EPA, 2003).There are some 
individuals who have reported lasting or persisting neurological effects such as 
headaches, poor concentration ability and attention span, impaired short-term memory 
and impaired motor function. Respiratory distress or arrest and pulmonary edema are also 
32 
associated with exposure to high concentrations of hydrogen sulfide. It is believed that 
the aforementioned respiratory effects are secondary to central nervous system depression 
or the result of tissue hypoxia. Cardiovascular effects such as cardiac arrhythmia and 
tachycardia have also been observed (ASTDR, 2006). If exposure concentrations are high 
enough, even for short durations, death may result. It has been determined that exposure 
to high levels of hydrogen sulfide for brief periods can have life-threatening 
consequences involving respiratory arrest and secondary central nervous system effects 
as well as persistent neurological symptoms (ASTDR, 2006; US EPA, 2003). 
Exposure to low concentrations (around lOppm) of hydrogen sulfide may result in 
less severe neurological and respiratory effects. Neurological effects may include lack of 
coordination, poor memory, hallucinations, personality changes and anosimia (loss of 
smell). Respiratory effects include nasal symptoms, sore throat, cough, and dyspnea. In 
asthmatics, acute impaired lung function has been observed (ASTDR, 2006). Table 2.5 
provides a breakdown of the health effects associated with hydrogen sulfide exposure 
(Flynn, 1998). 
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Lower Explosive Limit (43,000ppm) 
DEATH 
Immediate Collapes with Respiratory Paralysis 
Strong Nervous System Stimulation-APNEA 
Immenent Life Threat- Pulmanary Adema 
Conjuncitcites and Respiratory Tract Irritation 
Olfactory Paralysis-Loss of Sense of Smell 
(JOOppm) 





Hydrogen Sulfide Exposure Routes at Landfills 
As previously mentioned hydrogen sulfide is generated at both MSW and C&D 
debris landfills. Lee, 2000 determined that although hydrogen sulfide concentrations in 
ambient air at C&D landfills are highly variable, landfill workers should take precautions 
to protect themselves. Internal concentrations and external emissions of hydrogen sulfide 
that exceed both the OSHA (20ppm) and NIOSH (lOppm) hydrogen sulfide values were 
documented. Workers that could potentially be exposed to undiluted concentrations of 
hydrogen sulfide through excavation or working near gas wells are especially at risk 
(Lee, 2000). Another recent study of the hydrogen sulfide concentrations at a C&D 
landfill confirmed hydrogen sulfide concentrations may be a concern for workers (Lee et 
al., 2006). Based on study results, it is recommended that landfill workers use protection 
in activities such as excavation, landfill gas collection, or work in confined spaces. 
Hydrogen sulfide will typically dilute sufficiently within the ambient air and will not 
pose an acute health threat to landfill workers under normal working conditions (Lee et 
al., 2006). Though studies relevant to the exposure routes and risks of hydrogen sulfide 
exposure have focused on C&D landfills, it is evident that any landfill, including MSW 
landfills that generate significant amounts of hydrogen sulfide has the potential to pose a 
threat to landfill workers. 
Hydrogen Sulfide Attenuation; Current Technologies 
Hydrogen sulfide occurs at varying ranges within landfill gas and has the potential 
to cause significant problems at landfills. Many hydrogen sulfide mitigation technologies, 
which will be discussed in this section, employ reactions that are similar to those seen in 
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the sulfur cycle. For example, ferric oxides are converted to ferric sulfides following 
reactions with hydrogen sulfide in many hydrogen sulfide removal systems at landfills 
(Heguy and Boger, 2005; Nagl and Heguy, 2008). The increased concentration of 
hydrogen sulfide in landfills can have several unfavorable effects at landfills including 
odor problems; acid gas corrosion of gas recovery hardware; increased SOx emissions 
from flaring and other combustion processes; and potential health consequences for 
workers (Heguy and Boger, 2005). There are many commercial hydrogen sulfide removal 
technologies, which can be classified into the following categories: scavenger systems 
(including both solid and liquid), liquid redox, chemical oxidants, caustic scrubbers, 
adsorption, and finally the Claus System (Heguy and Boger, 2005; Nagl and Heguy, 
2008). Currently, both scavenger systems and liquid redox systems are used at landfills to 
mitigate hydrogen sulfide concentrations in landfill gas collection systems. Other 
hydrogen sulfide mitigation technologies such as chemical oxidants, caustic scrubbers, 
adsorption and the Claus System are employed by other industries. 
Once hydrogen sulfide concentrations reach 75ppm, landfill operators may be 
forced to consider commercially available technologies for hydrogen sulfide removal. 
Treatment of hydrogen sulfide is often employed to meet environmental regulations 
regarding combustion emissions and local planning guidelines with respect to nuisance 
odor issues and to achieve compliance with gas recovery hardware specifications (Heguy 
and Boger, 2005). Several factors must be considered when selecting treatment options of 
hydrogen sulfide removal, including operating and capital costs, operational simplicity, 
operator attention, footprint, weight, waste generation and disposal costs (Heguy and 
Boger, 2005; Nagl and Heguy, 2008). 
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Scavenger systems are best suited for applications involving low sulfur removal, 
specifically, less than 20 tonnes per day. Solid scavengers are typically iron-based 
materials. The iron-oxide reaction employed by most scavenger systems can be 
characterized by the following equation (Eq.2.10) (Nagl and Heguy, 2008). 
2Fe 2 0 3 + 6H2S -> 2FeS + 2 H 2 0 (Eq.2.10) 
Iron sponge, which is the oldest solid scavenger, has been available for more than 
100 years. Iron sponge has a low initial cost. It is essentially hydrated iron oxide 
impregnated onto redwood chips. The gas flows over the wood chips in a vessel. The 
hydrogen sulfide subsequently reacts with the wood chips to form iron sulfide. One 
significant drawback of this system is the highly exothermic oxidation that occurs during 
media change-out. The exothermic reaction may cause the media to spontaneously 
combust (Heguy and Boger, 2005; Nagl and Heguy, 2008). 
More recent solid media technologies such as Sulfa-Treat® and Sulfur-Rite® use 
iron-based chemistry but a different media base to prevent the problems associated with 
media change out in the iron sponge systems. These systems are very popular in industry 
today. Instead of wood chips, the solid medium is an inorganic, ceramic material coated 
with an iron oxide. The iron oxide reacts with the hydrogen sulfide in landfill gas to form 
pyrite (Heguy and Boger, 2005; Nagl and Heguy, 2008). These systems are more 
expensive than the iron sponge (Heguy and Boger, 2005) but their advantages include, 
more uniform particle size for better controlled gas flow, they are nonflammable, they are 
simple and relatively inexpensive to operate, easy to change-out, transport and dispose of 
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spent media. Some disadvantages of solid scavenger systems include the fact that the 
media must be removed and the solid waste disposal (Heguy and Boger, 2005; Nagl and 
Heguy, 2008). Though Sulfa-Treat® and Sulfur-Rite® are more expensive than iron 
sponge, the higher media cost is often offset by their benefits (Heguy and Boger, 2005). 
Solid scavengers are housed in reactors. The design parameters of a solid system include 
a maximum gas velocity over the media bed, a minimum residence time and an 
acceptable pressure drop. The solid media-bed systems scale linearly with the gas 
concentration (Heguy and Boger, 2005). 
While the most common forms of solid scavengers used in treating landfill gas are 
the iron-based solid scavenger systems such iron sponge, such as Sulfur-Rite® and 
SulfaTreat ®, activated carbon may also be used to treat landfill gas either in combination 
with other scavenger systems or by itself. Activated carbon may adsorb most types of 
sulfur compounds, and, as a result, removes more constituents from the landfill gas than 
traditional iron based scavenger systems (Heguy and Boger, 2005). 
In lieu of solid scavengers, liquid scavenger systems may be used to remove 
sulfur. Advantages of liquid scavengers include their low capital cost and moderate 
operator attention. Disadvantages include the high operating costs and disposal (Heguy 
and Boger, 2005; Nagl and Heguy, 2008). The most common liquid scavenger system 
used is a water-based triazine system. Triazine systems are an amine-aldehyde 
condensate which is manufactured from monoethanolamine and formaldehyde (Nagl and 
Heguy, 2008). Liquid scavenger systems, in particular require more operator attention to 
ensure the gas is being treated properly (Heguy and Boger, 2005; Nagl and Heguy, 2008). 
The degree of gas/liquid contact is dependent upon three factors, 1) the contacting device, 
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2) the gas velocity and 3) the residence time. It is important to note that the degree of 
mixing and efficiency is susceptible to changing gas flow. In addition, positive separation 
of the gas and liquid must be achieved following treatment as triazine can interfere with 
the dehydration unit and cause severe foaming (Nagl and Heguy, 2008). Benefits of the 
liquid scavenger systems are the ease with which the media can be handled and the 
system can be designed so that shutdowns for media change-out are not required. 
Disposal ease, however, for liquid systems is site specific and may be more difficult than 
solids (Heguy and Boger, 2005). Assuming that both mixing and reactions are efficient, 
the cost of treating sulfur using a liquid scavenger can range between $5-$15/lb (Nagl 
and Heguy, 2008). Generally speaking, cost, ease of operation and disposal options will 
favor solid scavengers over liquid scavengers (Heguy and Boger, 2005). 
Regenerable catalyst processes are liquid redox processes. These processes use 
aqueous based systems containing metal ions, usually iron, which transfer electrons in 
reduction oxidation reactions (Nagl and Heguy, 2008). The LO-CAT process increases 
the speed of the reaction between oxygen and hydrogen sulfide using a non-toxic 
chelated iron catalyst. Eq. 2.11 illustrates the reaction between oxygen and hydrogen 
sulfide to form elemental sulfur. These systems are most appropriate for landfills with 
relatively high sulfur concentrations, up to 20-25 tonnes per day (Nagl and Heguy, 2008). 
H2S + »/2 O -»• S° + H20 (Eq. 2.11) 
In these systems, all reactions occur in the liquid phase and up to 99.9% of the hydrogen 
sulfide is removed. Liquid redox systems can be designed to treat the gas stream directly 
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or they may treat the acid gas stream produced from an amine unit (Nagl and Heguy, 
2008). These systems generate a sulfur powder that is 60% sulfur and 40% water, known 
as sulfur cake (Nagl and Heguy, 2008). The liquid redox systems are considerably more 
expensive than scavenger systems to install but have low operational costs (Heguy and 
Boger, 2005; Nagl and Heguy, 2008). With the proper application of this treatment 
technology the cost to remove sulfur ranges between $0.13-$0.16/lb. Liquid redox system 
advantages include the high hydrogen sulfide conversion, the low operating cost 
compared to scavenger systems. The primary disadvantage is the high capital cost to 
invest in the system (Nagl and Heguy, 2008). 
Often times in wastewater treatment plants odor control is achieved through the 
use of chemical oxidants (Nagl, 1996). The malodorous compounds are captured in a 
ventilation stream and are subsequently absorbed onto activated carbon or oxidized 
chemically. As hydrogen sulfide is not the only odor compound of interest, non selective 
chemical oxidation systems are often employed to remove a variety of constituents (Nagl, 
1996). Chemical oxidants typically used include chlorine, ozone, permanganate, though 
the most popular is a combination of sodium hydroxide and sodium hypochlorite. They 
are popular due to outstanding oxidizing capabilities, their low cost and availability. The 
general oxidation reactions with sodium hydroxide and sodium hypochlorite can be given 
by Eq. 2.12 and Eq. 2.12 
H2S + 2NaOH -> NaS + 2H20 (Eq. 2.12) 
NaS + 4NaOCl - • Na2S04 + 4NaCl (Eq. 2.13) 
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As the reactions illustrate, the oxidants must be replaced as they are continually 
consumed. These reactions occur in the aqueous phase, as the chemical oxidants are 
dissolved. Therefore, the gaseous malodorous compounds must be contacted with the 
aqueous liquid in a way that promotes their dissolution. This process typically occurs in a 
countercurrent packed column referred to as a "scrubber" (Nagl, 1996). Operating costs 
for this system are dependent upon the amount of hydrogen sulfide which must be 
removed. Because the cost of the chemical reagents, this process is only economical in 
situations where the hydrogen sulfide concentrations are relatively low, less than 100 
pounds per day (Nagl, 1996). 
The oil and gas processing facilities and refining facilities typically employ the 
Claus process to remove hydrogen sulfide. The Claus process removes hydrogen sulfide 
by converting the sulfur to elemental sulfur through the following reactions (Eq. 2.14-
Eq.2.16): 
H2S + 3/2 0 2 -»> SO2 + H2O (Eq. 2.14) 
2H2S + S02 -* 3S° + 2H20 (Eq. 2.15) 
Overall: H2S + Y2 0 2 -* S° + H20 (Eq.2.16) 
The oxidation in equation 2.14 requires either a combustion furnace or precise control of 
the combustion air to ensure the right amount of SO2 or a direct oxidation catalyst is 
produced. Direct oxidation catalysts are used in dilute hydrogen sulfide streams where 
concentrations are less than 5%. The reaction in equation 2.16 occurs in a series of 
reactors containing an alumina catalyst to produce the molten elemental sulfur. Typical 
41 
hydrogen sulfide removal efficiencies range between 93%-98%. The operating cost of the 
system is typically low, however the capital cost for installation, like liquid redox 
processes, is high (Nagl and Heguy, 2008; Nagl, 1996). 
There are also a variety of operational sensitivities which must be considered with 
the Claus process. The reactor temperature must be maintained above 1000°C to operate 
correctly and the hydrogen sulfide concentration exceed 15% following the amine 
system. The reactions may be lost if hydrogen sulfide concentrations fall below 15% and 
significant restart procedures will be necessary (Nagl and Heguy, 2008). The sulfur 
produced will be pure sulfur if there are no metals entrained in the gas stream. If metals 
are entrained in the gas stream metal sulfides may form. Additionally, once 
concentration ratios of CC^if^S exceed 5:1 the Claus reactor will begin to fail (Nagl and 
Heguy, 2008). The systems used to remove sulfur in the energy industry are not 
appropriate landfill gas because there is a relatively high amount of carbon dioxide in 
landfill gas. In the caustic systems used by the energy industry, the carbon dioxide 
present in the landfill gas would consume the caustic and create sodium carbonate 
(Heguy and Boger, 2005). Table 2.6 provides a breakdown of the sulfur removal 
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Hydrogen Sulfide Attenuation; Research 
Hydrogen Sulfide Attenuation by Soils 
Hydrogen sulfide removal by soils has been well documented in the literature 
(Gumerman, 1968; Gumerman and Carlson, 1969; Smith et al., 1973; Bremmer and 
Banwart, 1976; Bohn and Fu-Yong, 1989; Ko et al., 2006). It was initially proposed that 
soil removed hydrogen sulfide either from a "wet soil removal mechanism" or a "dry soil 
removal mechanism" The wet soil removal mechanism postulated that hydrogen sulfide 
became dissolved in the water within the soil. The dry soil mechanism suggested that the 
hydrogen sulfide reacted with metal oxides within the soil. Gumerman concluded that dry 
soil attenuated hydrogen sulfide more readily than wet soil (Gumerman, 1968; 
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Gumerman and Carlson, 1969). Further investigations in 1973 sought to correlate pH, 
organic-matter content and clay content, however no significant correlation was made 
(Smith et al., 1973). It was these initial investigations that suggested soil may have a 
potential to be used in industry for gas purification (Bremmer and Banwart, 1976). 
Bremmer et al., 1976 confirmed that soils readily absorbed hydrogen sulfide, in many 
cases significantly faster than other sulfur gasses and suggested that there may be 
industrial applications for hydrogen sulfide removal by soil. 
More recently, a study was conducted where hydrogen sulfide sorption was 
measured by soils in columns with varying pH, clay, organic-matter and Fe-oxide 
contents (Bohn et al., 1989). The amount and rate of hydrogen sulfide adsorption was 
most closely correlated to the iron oxide content of the columns. The flow rate only 
slightly affected the hydrogen sulfide sorption. Following exposure to air, the hydrogen 
sulfide treated soils reacted and the product oxidized to elemental sulfur and iron oxide. It 
was confirmed that the oxidation regenerated the hydrogen sulfide sorption capacity 
(Bohn and Fu-Yong, 1989). This suggests the possibility that soils could be regenerated 
through exposure to oxygen following hydrogen sulfide exposure. A feasibility study on 
the high temperature sorption of hydrogen sulfide by natural soils was completed. 
Following the extraction of the free iron oxides, most natural soils had no sorption 
capacity (Ko et al., 2006). Furthermore, the sulfur sorption capacity, either determined 
through elemental analysis or breakthrough time, was very close to the theoretical value 
based on stoichiometric calculations with the free content of iron oxides (Ko et al., 2006). 
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Hydrogen Sulfide Attenuation by Activated Carbon 
Activated carbon may be used at wastewater treatment plants to remove hydrogen 
sulfide(Nagl, 1996; Bandosz, 2002). There are a series of reaction steps that occur as 
contaminants sorb to the activated carbon surface. The adsorption process can be broken 
down into four different steps, 1. bulk solution transport, 2. film diffusion transport, 3. 
pore and surface transport and finally 4. adsorption. The adsorption step is when the 
contaminant of interest "sticks" to the solid phase. The material to be adsorbed 
(adsorbate) will stick to the adsorbent (activated carbon) and fill in the pore spaces 
(Asano et al., 2007). 
The activated carbon may be virgin or impregnated with caustic materials such as 
NaOH or KOH. The hydrogen sulfide reacts quickly with the base and becomes 
immobilized (Nagl, 1996; Bandosz, 2002). When activated carbon is impregnated with a 
caustic, it functions primarily as a passive support for the caustic material. The caustic 
materials oxidize the hydrogen sulfide to elemental sulfur. The hydrogen sulfide will 
continue to oxidize until the pore spaces have been removed due to the precipitation of 
sulfur or Na/K salts and/or no caustic remains (Bandosz, 2002). 
Additionally studies have been conducted using virgin activated carbon for 
hydrogen sulfide removal. Considerable efficiency has been observed at temperatures of 
200 C, though it has also been observed that activated carbon successfully sorbs 
hydrogen sulfide at ambient temperatures (Bandosz, 2002). Little is known about the 
mechanisms of the reaction on the carbon surface with the hydrogen sulfide. The 
reactions are most likely complex as they involve a broad spectrum of physical and 
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chemical properties of the adsorbent (Bandosz, 2002). Most results to date focus on 
empirical analysis of specific types of activated carbon and are often contradictory. It has 
been proposed that the dissociation of hydrogen sulfide occurs in the film of the absorbed 
water at the carbon surface and then the hydrogen sulfide ions, HS" are oxidized by 
oxygen radicals to elemental sulfur. If caustic is present it may catalyze the oxidation to 
elemental sulfur (Bandosz, 2002). 
In wastewater treatment plants the activated carbon is exposed to both hydrogen 
sulfide and volatile organic compounds. The other species present in the gas stream may 
enhance the breakthrough time by changing the pH of the carbon surface (Bandosz, 
2002). It also appears that storage of the activated carbon may affect performance as an 
adsorbent and catalyst, as the activated carbon slowly oxidizes as it is stored. 
Interestingly it has been determined that surface area and pore volume are not as crucial a 
factor as moisture in material performance. Though activated carbon surface is 
hydrophobic, the expected hydrogen sulfide adsorption is higher for humidified samples 
(Bandosz, 2002). 
Hydrogen Sulfide Attenuation by Calcium Carbonate 
At elevated temperatures (950°C) and pressures (20 atm) limestone (CaCOs) and 
dolomite (CaCCVMgCC^) are reactive with hydrogen sulfide (Krishan et al., 1994; 
Fenouli and Lynn, 1995; Yrjas et al., 1996; Zevenhoven et al., 1996). Technology that 
employs the use of limestone or dolomite as hydrogen sulfide sorbents may be used as 
sulfur emission control in fossil fuel gasification plants. In this technology the hydrogen 
sulfide is removed from the product gas in either the furnace or the gas clean-up system 
(Yrjas et al., 1996). The physical structure of the limestone or dolomite significantly 
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impacts the efficiency of the reaction (Zevenhoven et al., 1996). The reaction kinetics are 
controlled by the diffusion of the hydrogen sulfide through the pores of the calcium 
sulfide product layer formed around the limestone particle (Fenouli and Lynn, 1995). 
Though this technology is rather well developed, the reactions occur under pressurized 
conditions at high temperatures and therefore would be unsuitable for landfill settings. 
Hydrogen Sulfide: Current Landfill Research 
Hydrogen Sulfide Emissions and Modeling 
Hydrogen sulfide emissions from both MSW and C&D landfills have been 
reported (Johnson, 1986; Fairweather and Barlaz, 1998; Flynn, 1998; Lee, 2000; Kim et 
al., 2006). Studies indicate that diffuse hydrogen sulfide emissions from C&D landfills 
are extremely variable (Xu, 2005; Townsend et al., 2007). Generally, recorded hydrogen 
sulfide emissions are lower in the morning and increase in the afternoon (Xu, 2005; 
Townsend et al., 2007). Laboratory experiments have been conducted in an effort to 
isolate the factors that significantly influence hydrogen sulfide emissions. Factors 
investigated included soil moisture, temperature and soil hydrogen sulfide concentration. 
The results indicated that the soil moisture plays a crucial role in diffuse emissions. 
Water can initially reduce the hydrogen sulfide emissions as the hydrogen sulfide 
dissolves into the water, however with increased soil moisture hydrogen sulfide can 
accumulate underneath the cover soil, which may cause an eventual increase in hydrogen 
sulfide emissions (Xu, 2005; Townsend et al., 2007). The ambient hydrogen sulfide 
concentrations not only depend on the emission rate of the hydrogen sulfide but also on 
the dispersion of the hydrogen sulfide in the atmosphere. When there is limited vertical 
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convective mixing the emitted hydrogen sulfide can not be effectively dispersed into the 
atmosphere and can result in odor problems (Xu, 2005; Townsend et al., 2007). 
Hydrogen sulfide emissions modeling has been conducted using a one-
dimensional advection-diffusion equation to understand the migration of hydrogen 
sulfide in landfill covers. The four primary parameters considered in the model were 
initial hydrogen sulfide concentration, advection velocity, effective diffusion coefficient 
and adsorption coefficient. Model simulations and the experimental data from the 
laboratory were comparable and demonstrated that all four parameters affect hydrogen 
sulfide migration in cover soils or materials with a high hydrogen sulfide adsorption 
coefficient comparable to soils (Xu, 2005; Townsend et al., 2007). 
Hydrogen Sulfide Attenuation at Landfills 
There are several technologies that can be used in treating varying concentrations 
of hydrogen sulfide at landfills, as outlined previously. These technologies however focus 
on a process where sour gas is fed through a "reactor" and then sweet gas is allowed to 
exit. In the case of some C&D landfills and other landfills where C&D debris fines have 
been used as alternative daily cover, diffuse hydrogen sulfide emissions occur. The 
aforementioned technologies do not have direct applications to diffuse hydrogen sulfide 
emissions. 
Many studies have been conducted to evaluate the hydrogen sulfide attenuation 
characteristics of materials and their potential to be used in landfills under diffuse 
emissions conditions. Various materials including soils, lime amended soils, wood ash, 
compost, calcium carbonate, hydrated lime, clinkers and activated carbon have been 
examined for diffuse hydrogen sulfide emissions control at landfills (Xu, 2005; 
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Townsend et al., 2007; Plaza et al., 2007; Sylvain et al., 2005, Integrated Waste 
Management Board, 2002). Additionally bench scale experiments have examined the 
effects of sodium molybdate, ferric chloride and hydrated lime on hydrogen sulfide 
generation in the lab (Xu, 2005) 
Soils are one of the materials that have undergone extensive studies for diffuse 
hydrogen sulfide attenuation at C&D landfills (Xu, 2005; Townsend et al., 2007; Plaza et 
al., 2007). Soils amended with fine concrete, compost, 10% CaCC>3, l%Ca(OH)2 and 
3%Ca(OH)2 preformed better in the landfill setting than did the sandy soils without 
amendments. Hydrogen sulfide attenuation with the soils was attributed to reactions 
between metal oxide minerals and the hydrogen sulfide. Soils amended with fine concrete 
and lime were also suspected to form sulfide minerals due to the metal content within the 
materials (Xu, 2005; Townsend et al., 2007). Additionally the alkaline cover materials 
altered the pH to a range unfavorable for SRB activity, which in turn would have reduced 
hydrogen sulfide emissions (Xu, 2005; Townsend et al., 2007). Another study, evaluated 
the hydrogen sulfide removal efficiency of soil covers in simulated column experiments. 
Sandy soils, clayey soils, coarse concrete, fine concrete and lime were investigated (Plaza 
et al., 2007). The lime amended soil and fine concrete showed hydrogen sulfide removal 
efficiencies in excess of 99 percent. Clayey soils removed approximately 65 percent 
followed by sandy soils which removed 30 percent. The primary mechanism proposed for 
the reduction in hydrogen sulfide concentration is the physical barrier that the cover 
materials provided as the driving force of emissions is diffusion. It is believed that this 
mechanism primarily explains the hydrogen sulfide reduction seen in the clayey and 
sandy soils. Another mechanism responsible for removal may have been the hydrogen 
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sulfide reactions that occurred with the alkaline material in the case of concrete. Color 
changes in both the concrete and soils indicated that sulfide minerals may have formed 
and that reaction at least in part may be responsible for some hydrogen sulfide removal 
(Plaza et al., 2007). Organic carbon content of the soils was not evaluated for these 
studies. Therefore it is unknown the effect if any it jt may have had on hydrogen sulfide 
attenuation. 
In a separate study adsorbents, compost, wood ash and clinkers were also tested 
both in the laboratory and the field (Sylvain et al., 2005). The clinkers showed the highest 
hydrogen sulfide removal efficiency. The effects of moisture, material thickness, speed 
fluxes, and pollutant concentration were examined. It as determined that increased 
moisture in wood ash and clinkers improved hydrogen sulfide removal efficiency, while 
in the case of compost, efficiency was reduced. The thickness of the material also effects 
hydrogen sulfide attenuation. The breakthrough time increased for all materials with an 
increased thickness. Flow rate also affected the hydrogen sulfide removal efficiency 
(Sylvain et al., 2005). As the residence time decreases with increased flow rates, the 
contact time is reduced and therefore removal efficiency is reduced. As the hydrogen 
sulfide concentration increases, the removal capacity decreases (Sylvain et al., 2005). 
Two removal paths were proposed, adsorption reactions and chemical reactions. 
Adsorption reactions were attributed to the porous structure of the material. Chemical 
reactions, namely acid-base reactions occurred between the hydrogen sulfide and surface 
groups as well as oxidization reactions between hydrogen sulfide and metal compounds. 
The products of such reactions would be elemental sulfur and sulfate (Sylvain et al., 
2005). 
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Compost, another material tested, underwent acidification. The pH value dropped 
from 7.35 to 6.28 over the course of a 10 month study. It was suspected that the hydrogen 
sulfide was utilized by other microorganisms growing on the compost as an electron 
donor. Upon investigation of the compost temperature it was higher than 50 C, which is 
above the temperature limits for SRB survival. It is also suggested that the high soil 
temperature may have inhibited hydrogen sulfide generation by SRB (Xu, 2005; 
Townsend et al., 2007). 
High carbon wood ash produced via the combustion of wood chips has properties 
similar to activated carbon with a surface area of 105m2 per gram on a dry weight basis. 
The wood ash reduced odors associated with a composting facility. Though hydrogen 
sulfide was not specifically investigated, methyl mercaptan was reduced, another 
indicator of malodor (Integrated Waste Management Board, 2002). 
Nanoscale Film Analysis Techniques 
Our most fundamental understanding for atoms and atomic nuclei is based on 
backscattering experiments. Back scattering experiments are used to determine the 
interaction of a beam of elementary particles (photons, electrons, neutrons, ions, etc.) 
with the atom or nucleus of a known element (Alford et al., 2007). Alpha particles will 
scatter from different nuclei in a distinct and well understood pattern. Essentially it is the 
interpretation of this pattern that allows identification of the atom. The science of 
identifying atoms and materials is collectively referred to as "materials science" (Alford 
et al., 2007). 
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Modern materials science analyses focus on the source beam of radiation (probe 
beam); the beam of particles (photons, electrons, neutrons or ions); the interaction within 
the cross section; the emergent radiation; and the detection system see Figure 2.6. 
Probe beam 
into the sample 
Detected beam 
out of the sample 
reaction between 
the probe beam 
and the solid 
Figure 2.6 Schematic of the Fundamental Materials Analysis Technique 
(Alford et al., 2007) 
Materials characterization is essentially the characterization of the structure, composition, 
amount and depth distribution of matter with the use of energetic particles or energetic 
photons (Alford et al., 2007). All materials characterization techniques use a probe beam 
of energetic photons (infrared radiation, visible light, UV light, X-rays, and gamma rays) 
or energetic particles (ions, neutrons, alpha particles, protons and electrons) to interrogate 
a solid sample. The incident particle or photon reacts with the solid in a variety of 
manners. It is the reactions that cause the emission of a variety of detected beams in the 
form of energetic particles or photons; these beams are termed the detected beam (Alford 
et al., 2007). 
The prefix SPECTRO, which means energy measurement, is given to the 
techniques. The suffix refers to the relationship between the incidence photon/particle 
52 
(from the probe beam) and the detected photon/particle (from the detected beam). The 
term spectrometry is used when the incident species is the same as the emitted species 
(Alford et al., 2007). Two types of spectrometry are Rutherford spectrometry and X-ray 
diffraction. If the incident species differs from the emitted species, then the term 
spectroscopy is used, for example X-ray photoelectron spectroscopy (Alford et al., 2007). 
Table 2.7 provides an overview of the various techniques that can be used in surface 
analysis. 
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Table 2.7 Techniques for the Analysis of Materials* 
Method 
Energy Dispersive X-rays 
(EDX) Spectroscopy 
X-ray Fluorescence (XRR 
Spectroscopy 





X-ray Diffractometry CXRD) 
Electron Diffractometry tED) 
Rutherford Backxcattering 
Spectrometry (RBS) 
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X-Ray Diffraction 
Crystalline structures can be determined from the diffraction of known radiation 
incident from solid materials. It is the three-dimensional regularity of a crystalline 
structure that results in organized scattering of radiation (Alford et al., 2007). The 
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directions of the scattered beams are a function of the wavelength of the radiation and the 
specific inter-atomic spacing of the plane from which the radiation scatters (29). One of 
the simplest modern X-ray analyses is powder analysis using an X-ray diffractometer 
(Alford et al., 2007). This technique is used to characterize powders and polycrystalline 
materials such as minerals. In the case of powder analysis, the material of interest is 
ground to produce a fine, randomly oriented powder. Each particle in the powder consists 
of small crystals or an aggregate of crystals 10 um or less (Alford et al., 2007). 
One of the most common X-ray diffractometer configurations is the 0-0 upright 
(Alford et al., 2007). In this configuration the diffractometer has a movable detector and 
an X-ray source, which rotates about the circumference of a circle centered on the surface 
of a flat powder specimen. Figure 2.7 shows the beam path schematically(Alford et al., 
2007). 




Figure 2.7 Schematic of a 0-0 Upright Diffractometer 
(Alford et a l , 2007) 
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This setup is ideal for loose powders and large samples. All data is output in a 
series of peaks relative to the 2-9 orientation. The peaks are typically analyzed with a 
software package that takes into account peak location and intensity which saves 
significant time in the determination of an unknown sample (Alford et al., 2007). 
X-Ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a useful technique to identify the 
chemical composition at the surface of solids. XPS uses the electronic structure to 
determine compounds (Alford et al., 2007). 
Photons with energies typically between IkeV- lOkeV interact with the atomic 
electrons primarily through the photon absorption process (Alford et al., 2007). The 
photons interact with the inner shell electrons as they penetrate the solid. The less tightly 
bound, outermost electrons are the low energy photons. These outermost electrons are not 
associated with specific atoms. They are only involved in chemical bonding and as a 
result they are not useful for elemental identification. Photoelectron spectroscopy is based 
on the photon interactions with the atom (Alford et al., 2007). 
Photoelectron spectroscopy quantifies the adsorption of a quantum of energy l)co 
and the ejection of the photoelectron (Alford et al., 2007). The photoelectron's kinetic 
energy referenced to an appropriate zero of energy is related to the binding energy of an 
electron in the target atom. As part of this process, the incident photon transfers its entire 
energy to the bound electron and the element identification is achieved through 
measurement of the energy of the electrons that escape from the sample without energy 
loss, see Figure 2.8 (Alford et al., 2007). 
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AL X-RAY SOURCE 
ENERGY ANALYZER 
Figure 2.8 Schematic of Basic Apparatus Used in XPS (Alford et al , 2007) 
Photoelectron spectroscopy requires both a source of monochromatic radiation 
and an electron spectrometer. In electron spectroscopies, where escape depth is l-2nm, 
the sample must be prepared carefully and a clean vacuum system is required. Sources of 
the X-rays are typically provided through the electron bombardment of Mg or Al targets 
(Alford et al., 2007). 
Binding energies in XPS are the difference in the total energy between the initial 
and final state of the system from which the electron has been removed (Alford et al., 
2007). The chemical environment dictates the binding energy of electrons. The concept 
of chemical shifts is based on the principle that valence electrons are drawn either from 
or toward the nucleus, depending on the type of bond (Alford et al., 2007). 
An XPS spectrum contains sharp peaks and tails. The peaks relate to the energies 
of characteristic electrons that escape from the solid without undergoing energy loss 
(Alford et al., 2007). XPS data are interpreted quantitatively through the relation of peak 
location to binding energy in order to determine the species present. The height of the 
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peak can be used to determine the quantity of the species relative to the quantities of all 
the species within the surface (Alford et al., 2007). It should be noted that XPS has been 
used successfully as a surface analysis technique to identify sulfide minerals that have 
formed due to interactions of hydrogen sulfide created by SRB and iron oxide minerals 
(Nealetal., 2001). 
Materials Description 
Municipal Solid Waste Incinerator Ash 
There are two types of ash generated during the combustion of municipal waste, 
fly ash and bottom ash. Fly ash is the fine, airborne particles of ash that become entrained 
in the flue gasses and is collected by air pollution control devices. The bottom ash is the 
non airborne fraction of the ash (Hickman, 1999). The characteristics of the two ashes are 
very distinct. Fly ash contains many products of incomplete combustion such as acid 
gases, vaporized and volatilized heavy metals and many other complex organic and 
inorganic compounds. The bottom ash is essentially inert material. Tests at various 
facilities throughout the 1990's indicate that the ashes do not classify as hazardous waste. 
Tables 2.8 and 2.9 list the various organic and inorganic constituents of municipal solid 
waste (MSW) incinerator ash (Hickman, 1999). It should be noted that the wide ranges of 
concentrations highlight the material's heterogeneity. The composition of the ash is 
dependent upon the waste inputs, facility design and operation. 
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ND - <0.44 
ND 
85 
5900 - 69500 
3 - 6 2 
80-10700 
1000-133500 









8 1 - 2 4 0 




*From Hickman, 1999 
ND=not detected at the detection limit 
Blank-not reported 
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Table 2.9 Ranges of Concentrations of Organic Constituents of Municipal Solid Waste 
Incinerator Ash* 
*From Hickman, 1999 
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3 7 - 3 9 
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N D - 1 5 0 





N D - 3 7 
2100 
N D - 5 1 





Chemically, the ash is predominantly silicon, aluminum, iron, calcium oxides, 
sulfate and chloride ions. The most common methods of managing the waste are either 
utilization or landfilling. The ash may be used in transportation applications or in the 
manufacture of Portland cement. The metals from the bottom ash are recovered with a 
magnet for recycling as well. Whether or not some portion of the ash is recovered, some 
will have to be landfilled. Landfilling is either done by co-disposing with MSW in 
landfills or in an ash monofill. The most common method of management is to co-
dispose the waste with MSW in a landfill (Hickman, 1999). 
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Cement Kiln Dust 
Cement kiln dust (CKD) is the result of cement production. Continuous raw feed 
agitation and gas flow cause large quantities of particulate matter to become entrained in 
the combustion gasses in the cement kiln. Air pollution control systems remove the 
particulate matter (and various precipitates). It is this particulate matter that constitutes 
cement kiln dust (US EPA, 1993). 
Gross CKD is the dust collected from the air pollution control devices. It may be 
recycled back to the kiln system or removed as net CKD. The net CKD is either treated 
and returned to the kiln system; or disposed of in an on-site waste management unit; or 
sold or given away for beneficial use (US EPA, 1993). 
CKD contains thermally unchanged raw materials, dehydrated clay, decarbonated 
(calcined) limestone, ash from fuel, and newly formed minerals from all states of 
processing up through the formation of the clinker. CKD can in essence be classified a 
cement clinker that does not quite meet commercial specifications (US EPA, 1993). CKD 
can vary significantly relative to constituent concentrations, however the physical 
characteristics remain fairly consistent. CKD is a fine, dry alkaline dust that readily 
absorbs water. If managed on site in a waste pile, the CKD can retain the aforementioned 
characteristics, however it will develop an externally weathered crust due to the 
absorption of moisture and subsequent cementation of the dust particles on the surface of 
the pile. CKD readily absorbs water due to its chemically dehydrated nature (US EPA, 
1993). Bulk constituents include Si02, A1203, Ti02, Mn203, CaO, MgO, S03 , K20, Cl", 
and Na20. CKD may also contain other trace constituents, though their presence is 
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*From Sreekrishnavilasam et al., 2006 
Oxide values expressed in % by mass of cement 
HMNhydration modulus= CaO/[Si02+Al203+Fe203] 
TRO=total reactive oxide content=[CaO+MgO-LOI]-[K20+Na20]; total 
alkali=Na2O+0.658K2O 
Santagata et al. 2003 determined that stockpiled CKD overall exhibits consistent 
characteristics in terms of chemical composition and particle size. The chemical 
composition of the materials examined in the study falls within the range of previously 
published values. Data suggest that the overall reactivity of CKD may be limited based 
on the low percentages of free lime and high loss on ignition values (Sreekrishnavilasam 
et al., 2006). 
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Wood Ash 
Wood ash is the by product of burning wood. Though extensive data does not 
exist regarding the characteristics of wood ash, the factors affecting wood ash properties 
are the type of facility, part of the plant combusted (bark, wood, leaves), type of waste 
(wood, pulp or paper residue), combination with other fuel sources, type of soil (as soil 
may become embedded in the tree bark during logging), climate conditions of 
combustion, collection and storage. The data on properties of wood ash are highly 
variable and therefore generalizations are difficult to make (Demeyer et al., 2001). 
It is estimated that more than 80% of wood ash is composed of particles less than 
1.0 mm, with the remainder being non-incinerated wood. When compared to the 
granulometric classes fixed by the USDA/FAO wood ash may contain all particle sizes 
ranging from coarse sand to clay (Demeyer et al., 2001). Micrographs from scanning 
electron microscopy indicate wood ash is comprised of large porous particles of carbon 
and several inorganic particles of irregular shape. XRD has identified calcite (CaCOs) to 
be a major component of wood ash. Wood ash is highly alkaline. Macroelement 
concentrations are variable, but the medians are 0.06% nitrogen, 0.42% phosphorus, 18% 
calcium, 0.97% magnesium and 2.27% potassium for wood-fired boiler ashes and 1.57% 
phosphorus, 18.5% calcium, 2.86% magnesium and 3.52% potassium for bark ashes 
(Demeyer et al., 2001). 
Silicon and aluminum may be present in bark ashes as sand will often become 
embedded in the bark during logging. Alkali and alkaline earth elements are primarily 
present as oxides, hydroxides or carbonates, which explains the capacity of wood ash to 
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capture sulfate from co-fired S-containing fuels. Sulfur content may be up to 0.3% in 
wood ash (Demeyer et al., 2001). 
Carbon and nitrogen are generally oxidized and transformed into gaseous 
constituents during combustion and as a result are either negligible or absent (Demeyer et 
al., 2001). Due to incomplete combustion, carbon and nitrogen may still be present in 
pulp mill bark boilers. The K within wood ash is highly soluble in water and therefore 
leaches readily. Si and Al contained within the wood ash are not readiblysoluble in acid 
and as a result it is suggested they may be structural elements of the ash (Demeyer et al., 
2001). 
Microelemental concentrations, like macroelemental concentrations in wood ash 
are highly variable (Demeyer et al., 2001). It appears as though generally speaking, iron 
is the most plentiful microelement, wood-fired boiler ashes may contain up to 21g kg"1 
Fe. Like silica and aluminum, iron contained within the wood ash is not soluble in acid 
and therefore is likely part of the structure of the ash. Other constituents may include 
manganese, zinc, copper, boron, molybdenum, selenium, mercury, cadmium, cobalt, 
arsenic, nickel, chromium and lead (Demeyer et al., 2001). 
Wood ash application to soils has been shown to increase microbial activity 
(Baath and Arnebrant, 1994; Fritze et al., 2000; Demeyer et al., 2001; Perkimaki and 
Fritze, 2002). This may be due to the fact that wood ash enhances soil conditions 
chemically for microbial growth. Wood ash is a direct source for other major elements 
within the soils such as P, Ca, Mg and K respectively (Demeyer et al., 2001). The 
dissolution of wood ash in soil and the rate at which nutrients become plant available is 
more complicated than lime. The cations within wood ash react to form oxides, 
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hydroxides, carbonates and bicarbonates which dissolve at different rates. The change in 
soil nutrient availability depends on three factors; the nutrient addition from the ash, 
shifts in pH-dependent soil chemical equilibria and changes in microbial activity (mostly 
increases) (Demeyer et al., 2001). In ammonium acetate extract, which is considered an 
indication of nutrient availability 48% of the total magnesium, 40% of the total potassium 
and 5.7%o of the total phosphorus at a pH of 3.0 are available. At a pH of 4.2 81% of the 
total calcium, 51% of the total magnesium, 34% of the total potassium and 20% of the 
total phosphorus was available. Generally speaking phosphorus is the least available 
major nutrient in wood ash. Wood ash application increases soil pH and the contents of 
most major nutrient elements while it decreases the availability of aluminum and minor 
elements. Wood ash specifically increases the availability of phosphorus, calcium, 
magnesium, potassium and boron. As a result, wood ash is often used as a fertilizer 
(Demeyer et al., 2001). 
Soil 
As solid as rocks appear, they slowly crumble and fall apart in a process known 
as weathering as they are exposed to water and the gases within the Earth's atmosphere. 
Weathering may take thousands of years but occurs by two mechanisms, chemical 
weathering and physical weathering (Press and Siever, 1998). Chemical weathering 
occurs when the minerals within a rock are chemically altered or dissolved. Physical 
weathering occurs when solid rock becomes fragmented as a result of physical processes 
that do not change the rock's chemical composition. Soil forms in part as a result of the 
weathering of rocks. Soil is defined as the surface accumulation of sand, clay and 
hummus that composes the regolith, but excludes large fragments of unweathered rock 
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(Press and Siever, 1998). The organic fraction of soil, the hummus contains the remains 
and waste products of the plants, animals and organisms living in it (Press and Siever, 
1998). 
Since soil is a product of weathering, its composition is dependent on the parent 
rock. Soil may contain particles of weathered and unweathered parent rock, clay 
minerals, iron and other metal oxides as well as other products of weathering. Soils vary 
in color, texture, and mineral composition. Young soils will closely resemble the parent 
rock, while older soils will primarily reflect the climate and conditions under which they 
formed. As a result all soils are highly variable in composition (Press and Siever, 1998). 
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CHAPTER 3 
EX-SITU RECYCLED/INDUSTRIAL MATERIAL ANALYSIS FOR HYDROGEN 
SULFIDE ATTENUATION 
Introduction 
Construction and demolition debris represents a significant fraction of the 
materials currently being disposed of in landfills. Within the last ten years recycling rates 
of C&D debris have increased due to rising disposal costs (Tchobanoglous and Krieth, 
2002). In order for C&D recycling to be viable, markets must exist for the products of 
recycling. That is to say, facilities operators must find markets for their products, which 
are permissible by regulations and ensure that the costs of processing do not exceed the 
cost to dispose of the material (Townsend et al., 2004). One of the primary byproducts of 
C&D recycling is the C&D debris fines, which typically range in size from 0.5cm -
7.6cm (Jang and Townsend, 2000). It is estimated that the recovered C&D debris fines 
may compose up to 20% or more of the mass of recovered material at processing 
facilities. C&D debris fines are typically comprised of soil and small pieces of building 
materials such as wood, concrete, gypsum, drywall and shingles (Townsend et al., 2004). 
Historically, C&D debris fines have been used as alternative daily cover at 
landfills, however issues have been identified with hydrogen sulfide generation 
(O'Connell, 2005). Previous research has linked hydrogen sulfide emissions to the 
gypsum wallboard (CaS04-H20) (Johnson, 1986; Fairweather and Barlaz, 1998; Flynn, 
1998; Lee, 2000; Kim et al., 2006). The generation of hydrogen sulfide is attributed to the 
anaerobic digestion of sulfate reducing bacteria (SRB) (Johnson, 1986; Fairweather and 
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Barlaz, 1998; Flynn, 1998; Lee, 2000; Kim et al., 2006; Yang et al., 2006; Lee et al., 
2006; Takeshita and Higuchi, 2007). The general reaction illustrating the reduction of 
sulfate by SRB can be given by the following equation 3.1, where CH2O represents 
organic matter (Berner, 1974; Berner, 1982; Berner, 1984): 
2CH20 + S042" -> H2S + 2HC03" (Eq. 3.1) 
As is illustrated by the equation, the amount of bacterial sulfate reduction is dependent on 
the amount of dissolved sulfate and organic matter present (Berner, 1984). Previously it 
was thought that C&D debris would generate minimal gas and was, in fact, inert. 
Conversely, it has become evident that C&D debris is not inert. As different components 
within C&D debris degrade, they produce the typical gases associated with waste 
degradation in MS W landfills as a result of microbial activity, including hydrogen sulfide 
(Flynn, 1998; Yang et al., 2006; Lee et al., 2006). Generally speaking, hydrogen sulfide 
concentrations in C&D debris landfills are typically higher than in municipal solid waste 
(MSW) landfills (Flynn, 1998). 
In 2005, the Mass. Department of Environmental Protection issued a notice of 
non-compliance to a C&D debris landfill for failure to control odor. The notice cited the 
degradation of C&D debris as the cause for the hydrogen sulfide (O'Connell, 2005). 
Odor problems with C&D debris are not limited to C&D landfills. Additionally, in New 
Hampshire, complaints of odor were so numerous that the State banned the use of C&D 
debris fines as alternative daily cover at MSW landfills in July of 2004 (O'Connell, 
2005). Mitigation of diffuse hydrogen sulfide emissions from C&D debris and C&D 
68 
debris fines used as alternative daily cover alike is a challenge that landfills face. If states 
begin to ban the use of fines as alternative daily cover as a result of odor issues, it would 
have far reaching effects in the C&D recycling industry. 
One way to reduce the odor issues at landfills would be to remove the gypsum 
drywall fraction from the C&D debris. This solution, though potentially effective, may be 
impractical. Despite separation, many small pieces of gypsum may remain in the fines. 
Additionally due to current regulations and markets, demolition gypsum drywall is not 
recycled. There are companies in Europe that actively recycle demolition gypsum 
drywall (by removing the paper first), however potential contamination (and liability) 
remain an obstacle to recycling in the US. At present in the US, gypsum drywall 
quantities in C&D debris are being reduced through the recycling of "clean" (e.g., 
without paint) construction gypsum drywall. Though quantities of gypsum drywall in 
C&D debris may be reduced by best management practices at C&D debris processing 
facilities, for now some quantities persist. As it is not possible to remove all of the 
drywall, the potential for odor issues still may exist. 
The purpose of this study is threefold; 1) to identify a material that attenuates 
hydrogen sulfide, 2) focus on using a material that is a waste industrial material (without 
a current large market) and 3) ensure the products of the reaction between the material 
and hydrogen sulfide will be stable under landfill conditions. Through these laboratory 
experiments, our goal is to identify material that attenuates hydrogen sulfide in the lab 
and then postulate their effectiveness for application in the landfill setting. 
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Materials and Methods 
A standard protocol for construction and method of operation was developed for 
the hydrogen sulfide attenuation tests. Columns were made of !4" diameter PVC piping 
with vacuum locking valves on each end. The columns were constructed by placing a 
l"xl" piece of gauze into the column to serve as a screen by preventing the material to be 
tested from exiting the sampling port during gas sampling. Materials were then placed 
over the screen. A sampling port with Tygon® tubing was attached just above the lower 
valve to monitor hydrogen sulfide concentrations throughout the duration of the 
experiment. All valves and the sampling port were sealed with DAP 100% Silicone 
Aquarium Sealant. The experiments were completed in a laboratory hood to ensure 
safety. The columns were operated vertically with the direction of flow of hydrogen 
sulfide vertically downward as hydrogen sulfide is denser than air (Figure 3.1). As it was 
not possible to run all columns simultaneously following construction, columns were 
tested within three days of their construction in an effort to maintain the initial conditions 




Material to be Tested 
Hydrogen Sulfide 
Out 
Figure 3.1 Schematic of Hood Ex-Situ Column Experiment 
Stock hydrogen sulfide cylinders were purchased from Airgas and Nor-lab for the 
experiments. The hydrogen sulfide was supplied from a Nor-lab regulator (part 
#NLB6C10R) at rate of 0.2 liters per minute (LPM). Initially various flow rates were 
examined for attenuation. The flow rate of 0.2 LPM was selected as higher flow rates did 
not allow sufficient retention time for sorption reactions to occur within the columns. It 
was determined sorption reactions were not occurring due to the fact that hydrogen 
sulfide concentration entering the column was equivalent to the concentration exiting the 
column. 
Materials evaluated for attenuation included weathered cement kiln dust, coal fly 
ash, concrete fines, silage, paper mill residue, high carbon wood ash, soil and municipal 







attenuation tests (see Figure 3.2). The first attenuation test was used to determine if the 
materials attenuated any hydrogen sulfide. Materials that did not attenuate hydrogen 
sulfide were excluded from the remaining tests, while materials that did attenuate 
hydrogen sulfide underwent a second attenuation test. From the second test, a material 
amount was selected for use in the third and final test. Figure 3.2 shows a schematic of 
the testing schemes. 
No Further Testing Conducted 
Attenuation Test 2 
(with various material amounts) 
Material Amount 
Selected 
Attenuation Test 3 
Results 
Figure 3.2 Schematic of Ex-Situ Experimental Tests 
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Attenuation Test 1 consisted of passing 50ppm hydrogen sulfide through 0.5-5 
grams of the material being tested. This test was used solely to determine whether or not 
the material had the potential to attenuate hydrogen sulfide. Attenuation Test 2, like 
Attenuation Test 1 was conducted using 50ppm hydrogen sulfide. Attenuation Test 2 was 
used to determine the amount of material that would be used in Attenuation Test 3. This 
test evaluated the attenuation observed for different amounts of materials. The lowest 
amount of material that attenuated hydrogen sulfide consistently was selected for 
evaluation in Attenuation Test 3. Attenuation Test 3 was conducted at two different 
moisture levels with two different hydrogen sulfide concentrations (50ppm and 
10,000ppm) on the materials. Attenuation Test 3 included replicates to verify whether or 
not the results duplicated well. 
All materials were humidified by bubbling RO water vapor into a chamber with 
the material for a period of two days. The materials were intermittently mixed in an effort 
to evenly distribute the moisture and reduce the effects of preferential pathways. 
Hydrogen sulfide gas concentrations were measured using a Jerome 631 -X (Arizona 
Instruments) for concentrations up to 50ppm or RAE gas detection sticks (RAE 
Instruments) for concentrations above 50ppm (see Appendix A for instrument precision 
and accuracy information). 
A standard protocol was adopted for all attenuation tests. Prior to conducting any 
experiments, the Jerome 631 -X meter sensor was regenerated and zeroed per the 
manufacture's instructions. Additionally a blank column with gauze was run at the 
beginning of the day with each gas concentration to ensure consistent flow from the 
regulator, all equipment was in working order and tubing was air tight. Readings above 
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48ppm on the Jerome meter and 8,000ppm or above with the RAE gas detection sticks 
were considered to be saturation levels based on the accuracy and precision of the 
instruments and gas cylinders used. Experiments in Attenuation Test 3 were completed in 
random order in an effort to reduce any potential bias affecting experimental outcomes. 
Material Classification 
In an effort to best quantify the components of the materials and the reactions that 
were potentially responsible for the attenuation, the materials were classified and studied 
using a variety of methods including X-Ray Diffraction (XRD), BET surface analysis, 
inductively coupled plasma emission mass spectrometry (ICP), thermogravimetric 
analysis (TGA) and X-Ray Photoelectron Spectroscopy (XPS). 
XRD was used for materials that contain crystalline structures. This technique 
was used to identify minerals or compounds that could explain the attenuation 
characteristics of the materials prior to exposure of hydrogen sulfide. Due to the fact that 
materials need to be ground to a powder, significant concentrations of a 
compound/mineral must be present. This method is only able to identify crystalline 
structures. Additionally this method was only used to quantify materials prior to 
hydrogen sulfide exposure. An XRD powder diffraction analysis was conducted at 
Hartwick College in Oneonta New York using a Rigaku Mini Flex instrument. The 
results were analyzed using the JADE 6 XRD pattern processing software by MPI, an 
industry standard. XRD was preformed at angles from 0°-70 to cover most mineral 
structures for all samples. 
Trace metals were identified using a Varian ICP-AES on all materials. Prior to the 
analysis the materials were digested using EPA method 3050B. To best quantify the 
amorphous and crystalline iron content of the soil, an iron extraction was completed 
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using a method based on the method by Meima and Comans (1997) (Fallman, A et al., 
1999). The extraction solution was subsequently analyzed on the Varian ICP-AES. A 
BET surface analysis using a Micrometrics Tristar 3000 was completed to determine 
surface area of the wood ash. Additionally, TGA was employed to quantify the fraction 
of inorganics on an SDT Q600. 
XPS was used to analyze the surface of the materials following hydrogen sulfide 
exposure. All XPS studies were completed on a Kratos Analytical Axis-HS instrument at 
the UNH instrumentation center. Data was subsequently analyzed using the Handbook of 
X-Ray Photoelectron Spectroscopy by John F Moulder, William F Stickle, Peter E Sobol 
and Kenneth D Bomben, published by Physical Electronics Inc. (1995). XPS is only able 
to analyze the surface of the materials. It is suspected that any chemical reactions that 
would result in hydrogen sulfide attenuation would occur on the surface of the material 
responsible for the attenuation, and as a result, XPS may be able to detect the reduced 
sulfur compounds suspected of forming due to hydrogen sulfide exposure. Additionally 
this technique does not rely on the crystalline structure of compounds/minerals, and 
therefore will identify any sulfur phases present. This method was used on all materials 
following exposure to hydrogen sulfide. 
Results and Discussion 
The purpose of this experiment was to identify which recycled materials may 
attenuate hydrogen sulfide gas, how gas concentration and moisture content affect the 
overall attenuation of a material, and to hypothesize the attenuation reaction product 
stability under landfill conditions. In order to complete the experiment, the materials were 
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subjected to a series of three attenuation tests. Though the materials in this study are 
highly variable in their overall compositions, the primary components of the materials 
suspected of attenuating hydrogen sulfide are relatively similar. Metal oxides, primarily, 
may play an important role in the attenuation of hydrogen sulfide. 
Coal fly ash, silage, and paper mill residue did not attenuate hydrogen sulfide and 
therefore were removed from the study following Attenuation Test 1. The concrete fines 
attenuated hydrogen sulfide minimally. Due to time constraints and material availability, 
the concrete fines were also removed from the study following Attenuation Test 1. 
Materials that did attenuate hydrogen sulfide, which were tested in Attenuation Tests 2 
and 3 included high carbon wood ash, soil, weathered cement kiln dust and municipal 
solid waste (MSW) incinerator ash. 
Wood ash is the ash residue that is the byproduct of the combustion of wood 
(Demeyer, 2001). Cement kiln dust (CKD) is a byproduct of cement production. CKD is 
composed of thermally unchanged materials, dehydrated clay, decarbonated (calcined) 
limestone, ash from fuel and newly formed minerals from the various states of 
processing, including the formation of the clinker. CKD is often times stored on site in 
waste piles. When exposed to the elements, the CKD will develop a weathered external 
crust due to the adsorption of moisture and subsequent cementation of the dust particles 
on the surface of the dust pile (US EPA, 1993). The CKD stored in these piles is termed 
"Weathered CKD" (WCKD). Municpal Solid Waste incinerator ash (MSW incinerator 
ash) is generated during the combustion of municipal waste. The ash may contain 
products of incomplete combustion, such as acid gasses, vaporized and volatilized metals, 
along with various organic and inorganic compounds (Hickman, 1999). Soil is the 
76 
byproduct of surface weathering of rocks. The organic fraction, termed the hummus is 
composed of decayed organic matter. Due to the fact that the mineralogical profile of a 
soil is dependent upon the parent rock, climate and environment, minerals present in soils 
are highly variable (Press and Siever, 1998). 
Due to experimental limitations, it was most desirable to use the lowest mass of 
material possible in the hydrogen sulfide attenuation evaluation. It was observed early in 
Attenuation Test 2 that there is a minimum required amount to attenuate hydrogen sulfide 
consistently. As a result, this test sought to identify the minimum amount of material that 
attenuated hydrogen sulfide with consistent results at the scale of this study. Table 3.1 
outlines the minimum mass of the material required for hydrogen sulfide attenuation. 
These material masses were used in Attenuation Test 3. 
Table 3 1 Minimum Mass of Material Required for Hydrogen Sulfide Attenuation 
Material 
MSW Incinerator Ash 








As mentioned previously, samples required humidification for Attenuation Test 3. 
The humidification procedure was successful for both the wood ash and MSW incinerator 
ash as their moisture content increased. Interestingly, in both the cases of soil and 
weathered cement kiln dust, the moisture content of the materials decreased following the 
humidification procedure. The decrease in moisture content is attributed to the relatively 
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high initial moisture content of the materials and the large surface area that was exposed 
during the humidification process. The high moisture content for these materials became 
the stock materials. Table 3.2 provides the moisture contents of the materials evaluated in 
Atteunation. 
Table 3.2 Moisture Content of Materials Analyzed in Attenuation Test 3 
Material 















In an effort to best characterize the reactions responsible for hydrogen sulfide 
attenuation, materials tested in Attenuation Test 3 underwent a series of material 
classification analyses. These analyses consisted of ICP, XRD, BET surface area, TGA 
and XPS as appropriate per material. Prior to hydrogen sulfide exposure, materials were 
subjected to the analyses (except for XPS) to quantify the compounds within them 
potentially responsible for hydrogen sulfide attenuation. Following hydrogen sulfide 
exposure, all materials were subjected to XPS analysis to determine the sulfur species 
present. The determination of the sulfur species present will help to evaluate the reaction 
products' stability in the landfill setting. Though these materials, except for the wood 
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ash, are heterogeneous by nature, the probable components responsible for hydrogen 
sulfide are strikingly similar. 
As previous research has indicated, metals, particularly metal oxides are 
responsible for hydrogen sulfide attenuation (Berner, 1970; Berner, 1982; Berner, 1984, 
Ko et al., 2006; Yrjas et al., 1996; Zevenhoven et al., 1996; Chaulk et al., 2004). All 
materials were subjected to an ICP analysis prior to hydrogen sulfide exposure to 
quantify their trace metal content. Table 3.3 provides a report of the trace metals 
identified. 
Table 3.3 Trace Metal Content of Materials 
Element Soil MSW Incinerator Ash Weathered Cement Kiln Dust Wood Ash 















































































































Iron and calcium are metals of particular interest as previous research has linked ferric 
oxides, calcium oxide and calcium carbonates to hydrogen sulfide attenuation (Berner, 
1970; Berner, 1982; Berner, 1984, Ko et al., 2006; Yrjas et al., 1996; Zevenhoven et al., 
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1996; Chaulk et al., 2004). All materials show significant quantities of either iron or 
calcium. Figure 3.3 outlines the iron and calcium contents of the materials. 
120000 
Figure 3.3 Iron and Calcium Content of Materials 
In soil, iron is the most abundant metal, which is most likely the result of the ferric and 
ferrous minerals. Calcium was the most abundant metal, not surprisingly, in WCKD. 
Additionally calcium was the most abundant metal in MSW incinerator ash. Though 
potassium was the most abundant metal in wood ash, there are substantial quantities of 
calcium present as well. Due to the fact that in soils ferric minerals are generally thought 
to be responsible for hydrogen sulfide attenuation, an extraction was completed on the 
soil to determine the amount of iron that may be chemically available to react with the 
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hydrogen sulfide. The extraction yielded results of 3.26% to 3.28% iron with a standard 
deviation of 0.06%. This is slightly higher than the concentration of iron observed by 
trace metal analysis (ICP), which was 2.2%. 
An XRD analysis was conducted on materials, prior to hydrogen sulfide exposure, 
thought to contain crystalline structures: soil, WCKD and MSW incinerator ash (see 
Appendix B). As wood ash is a by product of wood combustion it would be unlikely that 
the material would contain minerals. Soil on the other hand, aside from the organic 
fraction is composed solely of minerals. Additionally, WCKD is a byproduct of the 
cement manufacturing industry and that material would most likely contain significant 
amounts of calcium carbonate. MSW incinerator ash was also analyzed with the hope of 
gaining further insight to the nature of the material. One of the primary challenges to the 
XRD analysis was the background noise from non-crystalline structures interfering with 
the backscatter pattern for both the soil and municipal incinerator ash. WCKD fortunately 
had very little interference, which facilitated the interpretation of the analysis. 
The MSW incinerator ash contained significant background noise. Due to the fact 
that all compounds in the municipal incinerator ash were unknown, the JADE 6 software 
was used to generate a list of possible matches. JADE 6 provides a figure of merit (FOM) 
for each match and suggests that materials with an FOM below 10 be considered. As a 
result materials with an FOM below 10 were considered. Some compounds with an FOM 
below 10 which did not appear to fit the pattern, based upon peak location and intensity 
were not considered. Other compounds that appeared to be potential matches were 
considered for analysis. A list of potential compounds contained in the MSW incinerator 
ash was compiled (Table 3.4). 
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The XRD analysis of the WCKD did not yield substantial background noise 
relative to peak intensity. Minerals identified within the material were consistent with 
compounds identified in the literature (Sreekrishnavilasam et al., 2006). The analysis was 
completed by searching specifically for calcium carbonate and calcium oxide minerals, as 
those minerals are the components of interest. Figure 3.4 illustrates the XRD analysis 
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Figure 3.4 XRD Spectra of Weathered Cement Kiln Dust 
Minerals that were identified included calcite-CaC03 and a magnesium rich 
calcite-(CaMg)CC>3. Other potential minerals included siderite-FeC03, rhodocrosite-
MnCC>3 and a manganese rich calcite-(CaMn)C03. 
Like with the MSW incinerator ash, the soil contained significant background 
noise, most likely due to the organic fraction and amorphous (non-crystalline) minerals. 
Minerals were identified through selecting common components of soils based on the 
physical characteristics of the soil. The mineral grains within the soil were examined for 
their color. Color is one of the primary characteristic used to identify a mineral. 
Additionally, darker minerals were examined for magnetism. Magnetic minerals would 
be indicative of the presence of iron. The soil did contain magnetic minerals and 
therefore patterns of various ferric minerals and clays associated with ferric minerals 
were analyzed, as well as more common soil minerals. Clay minerals, tend to have a 
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"sticky" surface and are often associated with iron oxides (Carroll, 1958). Silicates such 
as quartz, orthoclase, kaolinite and magnesium-rich fayalite (olivine) were identified. 
Additionally iron oxides such as hematite and magnetite were identified. Graphite, which 
is carbon, was identified as well. 
It is important to note that both the ICP results and XRD results are consistent for 
all the materials suggesting that the minerals identified could be components of the 
materials. Based on these results, it is reasonable to assert that some hydrogen sulfide 
attenuation characteristics of the materials may be linked to the presence of metal oxides. 
Wood ash is not a material that would lend itself to an XRD analysis, however 
additional analyses were conducted in an effort to better characterize the material. Wood 
ash, which contains carbon, may be similar to activated carbon. A TGA analysis was 
conducted to quantify the amount of organics and inorganics present in the wood ash (see 
Appendix C). Typically in a TGA analysis, the run is designed based on the material 
characteristics. As the goal of this test was only a general quantification, typical ignition 
values for moisture, organic and inorganic elements were used as a baseline. The curve 
generated reproduced very well with the triplicate samples. Inorganic elements, which 
likely consist of some carbon, account for roughly about 16% of the total weight of the 
material (Figure 3.5). 
84 
Sample: Wood Ash 2 
Size: 13.5430 mg 
Method: Ramp 
Comment: 2nd sample of three 
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Figure 3.5 Graphical Results of TGA Analysis 
A BET surface analysis was conducted to examine the surface area of the wood ash on 
three samples. The analysis indicated surface areas of 306.7 m7g, 395.9 m7g, and 288.3 
m2/g. These surface areas fall within the lower limits of activated carbon surface areas. 
Typical activated carbon surface areas are between 300-1000 m2/g (Sylvain et a l , 2005). 
XPS was conducted on all materials in an effort to quantify elements present in 
the materials and the sulfur compounds present following exposure to hydrogen sulfide 
(see Appendix D). XPS only focuses on a very small area on the material and as a result, 
the probability of locating sulfur compounds may be low. In an effort to increase the 
chances of finding sulfur, a series of analyses were completed on several different pieces 
of the materials. The standard method for materials analysis was first to subject the 
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sample to a general analysis, identifying the binding energies of the predominant 
elements present. This, in essence, provides a "snapshot" view of the predominant 
elements present. If sulfur was identified in the general spectra a more specific "sulfur 
sweep" was conducted. The sulfur sweep includes only the binding energies of sulfur 
compounds. The relative location of the peaks allows one to identify the sulfur species 
present. A typical XPS spectra is depicted in Figure 3.6, with the oxygen peak followed 
by other peaks identifying elements present. Most elements present in this material would 
be oxides. Of notable interest, the XPS spectra the municipal incinerator ash had a very 
prominent oxygen peak (Figure 3.6). All materials examined with XPS had oxygen 
peaks, but they were not necessarily as sharp as the municipal incinerator ash. 
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Figure 3.6 Example of Municipal Solid Waste Incinerator Ash Spectra 
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Sulfur was detected on approximately half the general analyses for MSW incinerator ash. 
As mentioned previously, following the detection of sulfur, a specific "sulfur sweep" was 
conducted to better quantify the sulfur species present. Based upon the exact binding 
energy, the sulfur species present can be identified. Figure 3.7 illustrates a typical sulfur 
sweep preformed on the MSW incinerator ash. 
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Figure 3.7 Sulfur Sweep of Municipal Solid Waste Incinerator Ash 
This sweep identified three species, sulfate, sulfite and sulfide. Other sweeps performed 
identified sulfate and sulfite only, with sulfite being the predominant species out of all 
samples. 
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Like with the MSW incinerator ash, all other materials multiple samples from the 
same material were analyzed. If sulfur was detected on the general spectra, then a sulfur 
sweep was subsequently completed to identify the sulfur species present. Appendix D 
contains all general spectra and sulfur sweeps for the materials. Following the XPS 
analysis on WCKD, the primary components identified were calcium oxides, with small 
amounts of carbon and silica. The most predominant sulfur species appear to be both 
sulfide and sulfate.. Wood Ash XPS analysis identified large amounts of carbon, but also 
a small fraction of calcium oxide. The predominant sulfur species identified in the wood 
ash was sulfide, though there was also some sulfate and sulfite in samples. 
XPS analysis on soil was inconclusive. Though there was no sulfur identified, 
iron was identified in two of the spectra, confirming, yet through another method, the 
presence of iron in the soil. The fact that sulfur was not present in the general spectra of 
the soil is not surprising, based on the relatively small amount of hydrogen sulfide the 
soil attenuated. The less hydrogen sulfide a material attenuates, the less likely it is that 
sulfur will be found. Because the sulfur is most likely present in the soil in such limited 
quantities, the fact that it was not identified does not necessarily mean it is absent., 
Mechanisms for Attenuation and Hypothesized Landfill Stability 
The various methods used for analysis of the materials identified many 
compounds that may be responsible for hydrogen sulfide attenuation. Following the 
analyses conducted on municipal incinerator ash it is believed that the attenuation 
characteristics of the material are primarily due to the calcium oxide content. Other metal 
oxides may also be responsible for lesser amounts of attenuation. As sulfite and sulfate 
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are the predominant sulfur species, as identified by XPS, it is likely that hydrogen sulfide 
may be regenerated. SRB use sulfate as the TEA and therefore it would be readily 
available for reduction. Additionally, some SRB may be able to oxidize the sulfite into 
sulfate. Once in the sulfate form, the sulfur is readily available to all SRB and therefore it 
is possible that hydrogen sulfide could be regenerated (Jorgensen, 1988; Dannenberg, 
1992). 
WCKD it appears as though this material predominantly attenuates hydrogen 
sulfide with calcium oxide or the carbonate minerals. Other metal oxides as well as 
carbon may be responsible for some attenuation. While sulfide would likely be stable and 
unavailable to microbes in reducing conditions, sulfite may have the potential to be 
oxidized and then subsequently reduced by SRB, thereby generating hydrogen sulfide 
(Jorgensen, 1988; Dannenberg, 1992; Schoonen, 2004). It is not clear based on XPS 
results, which species of sulfur predominates as the sulfur species data was variable. 
Wood Ash in all probability sorbs hydrogen sulfide onto the inorganic carbon 
surface. Additionally, the presence of calcium oxide may account for some hydrogen 
sulfide attenuation (Chaulk et al., 2004; Bandosz, 2002) Given that sulfide is the 
predominant species, it is expected that sulfur, in this form under reducing conditions 
would not be available to the sulfate reducing bacteria. Once attenuated, hydrogen sulfide 
most likely would not have the potential to be regenerated given the oxidation state of the 
sulfur present (Schoonen, 2004). 
It is believed that soil probably attenuates hydrogen sulfide through the reactive 
fraction of metal oxides, predominantly ferric oxides. Previous research indicates that the 
iron fraction of the soil would be the most reactive with the hydrogen sulfide. As iron 
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oxides interact with hydrogen sulfide the resulting sulfur species is sulfide (Berner, 1970; 
Bremmer and Banwart, 1976; Berner, 1982; Berner, 1984). Though no sulfur species 
were identified with XPS, it is reasonable to assert based on the literature, that the 
predominant sulfur species present would be sulfide. As iron sulfides are relatively stable 
under reducing conditions, the hydrogen sulfide attenuated by soils in the form of iron 
sulfides would most likely be stable under anaerobic landfill conditions (Schoonen, 
2004). 
Based on the various methods used for the analysis of the materials it appears as 
though the primary components most likely responsible for hydrogen sulfide attenuation 
are metal oxides and, in the case of wood ash, inorganic carbon. Table 3.5 outlines the 
various compounds in the materials most likely responsible for hydrogen sulfide 
attenuation, the sulfur species identified and predicted stability of the sulfur species in the 
landfill setting. 
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Table 3.5 Materials Analysis Summary with Hypnotized Landfill Stability of Identified 
Sulfur Species 
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Attenuation Test 3 Isotherm Development 
Four experiments were designed for each material to test the effects of gas 
concentration and moisture content on the attenuation of hydrogen sulfide. Material 
amounts evaluated for hydrogen sulfide attenuation were based on the results of 
Attenuation Test 2. All materials reached saturation with hydrogen sulfide concentrations 
at 10,000ppm. However, many materials did not reach saturation with the 50ppm 
hydrogen sulfide. Consequently, it is difficult to assert the total amount of hydrogen 
sulfide the materials would attenuate at the 50ppm gas concentration level. 
Figures 3.8-3.11 contain the attenuation isotherms based upon the experiment in 
mg of H2S attenuated per g of attenuation material versus volume of hydrogen sulfide 
passed through the column. All experiments were completed in duplicate. The MSW 
incinerator Ash, WCKD and soil are the most heterogeneous materials. Not surprisingly, 
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those materials did reproduce as well as the wood ash, which is not as heterogeneous. It is 
important to note that the heterogeneous materials did reproduce relatively well, given 
their diverse composition. Wood ash, reproduced very well, with little variation in the 
duplicates. Based upon the repeatability of the results presented in Figures 3.8, 3.10 and 
3.11, moisture content did not appear to substantially affect the attenuation of the various 
materials. In Figure 3.9, the WCKD, it appears as though moisture may have impacted 




10 12 14 
Cumulative Volume (L) 











^ - 5 0 p p m (20. 
-»-50ppm(20. 
(34.1% Moisture) Duplicate 
(34.1% Moisture) 
(20.56% Moisture) 
(20.56% Moisture) Duplicate 
1% Moisture) 
1% Moisture) Duplicate 
56% Moisture) 
56% Moisture) Duplicate 
15 20 
Cumulative Volume (L) 
Figure 3.9 Weathered Cement Kiln Dust Isotherm 
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Figure 3.11 Soil Isotherm 
The final point on the graph for the 10,000ppm series is the material exhaustion point for 
all materials. Exhaustion was defined as the point when hydrogen sulfide concentrations 
reached 8,000ppm or 48ppm. The exhaustion concentrations were determined based upon 
the precision and accuracy of the instruments used to measure hydrogen sulfide 
concentration. As was mentioned previously, the 50ppm series, with the exception of 
MSW incinerator ash, did not reach exhaustion and therefore the final point on the graph 
is not the point at which the material reached exhaustion, but rather when the experiment 
was terminated. Even though the last point in the 50ppm scries does not represent 
material exhaustion, it appears as though the material capacity has been affected by the 
gas concentration. 
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As the isotherms illustrate, all materials attenuated more hydrogen sulfide at 
higher gas concentrations. The amount of hydrogen sulfide attenuated was variable 
depending upon the material. The variability in hydrogen sulfide attenuation is attributed 
to the availability and/or reactivity of the compounds responsible for hydrogen sulfide 
attenuation. Table 3.6 provides a summary of the attenuation and time to exhaustion 
observed for each material at both 50ppm and 10,000ppm hydrogen sulfide 
concentrations. As mentioned previously, with the exception of the MSW incinerator ash, 
the other materials did not reach saturation at 50ppm. As a result, attenuation values and 
time measurements from materials that did not reach saturation are denoted with a 
"greater than" value. Values reported as averages are taken from both the high and low 
moisture contents. 
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Of the materials, wood ash attenuated the most hydrogen sulfide. WCKD and 
MSW incinerator ash appeared to attenuate relatively similar amounts of hydrogen 
sulfide. Soil appears to have attenuated the least amount of hydrogen sulfide. It appears 
then, that based on these results the materials that will attenuate the most hydrogen 
sulfide is wood ash. 
Data Summary and Implications for Use 
Materials that are currently used in landfill settings for hydrogen sulfide 
attenuation are used in applications where the landfill gas is collected and then 
subsequently filtered through a reactor. The "sweet gas" then exits the system (Heguy 
and Boger, 2005; Nagl and Heguy, 2008). Many of the commercial systems in use 
employ the use of ferric oxides to attenuate hydrogen sulfide (such as Sulfa-Treat® and 
Sulfur-Rite®). Once the material is exhausted, the material is then disposed of in the 
landfill. These systems are collectively known as scavenger systems. Other treatment 
technologies exist with regenerable catalyst, though those treatment technologies are 
typically not economical for landfills with low concentrations of hydrogen sulfide. 
Landfills that are required to treat between 20-25 tonnes per day of hydrogen sulfide may 
use regenerable catalyst systems (Heguy and Boger, 2005; Nagl and Heguy, 2008). 
The application of recycled industrial materials to mitigate hydrogen sulfide 
emissions can be done in two ways. The first would be to mix the materials in with the 
fines to attenuate hydrogen sulfide, in-situ. This application method would help to 
mitigate diffuse hydrogen sulfide emissions. The second application scenario would be to 
use the material in a similar fashion as scavenger materials are currently used at landfills, 
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ex-situ. The gas would have to be collected and then passed through a filter/reactor where 
the material would be held. Following hydrogen sulfide attenuation, depending on the 
nature of the reaction, the material could potentially be regenerated or it would be 
disposed of. 
There numerous factors that could affect the hydrogen sulfide attenuation 
characteristics of the materials in a diffuse emissions application. In order to evaluate the 
removal capacities of the materials in-situ, it is recommended that bench scale 
experiments be used to simulate landfill conditions and evaluate the attenuation 
performance of the materials. In order to evaluate the effectiveness of materials ex-situ in 
a reactor/filter, rapid small scale column tests (RSSCT) may be effective. RSSCT are 
commonly employed in the water treatment industry to determine the effectiveness of 
media, such as granular activated carbon at removing contaminants (Asano et al., 2007). 
The premise of these tests is that the reactor column dimensions and mean particle 
diameter of the media being tested are scaled down to rapidly predict the removal 
capacity and behavior of the media. Following the use of the RSSCT, Langumir 
Isotherms could be developed to predict the exhaustion rates of the material (Asano et al., 
2007). This work, though beyond the scope of work for this study may not be as 
beneficial in determining the attenuation characteristics of the materials in in-situ 
applications. 
Based on this study, the material classification data reveal similar components in 
all materials. Calcium oxide appears to be present in all materials, especially the wood 
ash, weathered cement kiln dust and MSW incinerator ash, but also in smaller amounts in 
the soil. Iron was also present in all the materials. Based on previous research regarding 
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the chemical reactions between hydrogen sulfide and metal oxides, it is reasonable to 
assert that in all materials, reactions are due to interactions of the hydrogen sulfide with 
metal oxides, namely calcium oxides and iron oxides. The general reaction between 
hydrogen sulfide and metal oxides (MO) can be given by the following equation (Eq 3.2) 
(Gumerman, 1968; Gumerman and Carlson, 1969): 
MOx + xH2S —> MSX + xH20 (Eq 3.2) 
In this reaction the hydrogen sulfide forms metal sulfides. In the WCKD the primary 
reactions may be attributed to the calcium and magnesium carbonates. In the case of 
wood ash, oxides may play a minor role in the attenuation, however, the inorganic carbon 
is most likely responsible for attenuation observed. 
Conclusions 
The results of this experiment suggest most materials attenuate hydrogen sulfide 
through similar mechanisms. MSW incinerator ash, WCKD and soil appear to attenuate 
hydrogen sulfide predominantly through metal oxides. Wood ash, on the other hand has 
characteristics relatively similar to activated carbon. A large surface area and inorganic 
carbon are most likely responsible for the hydrogen sulfide attenuation. Wood ash 
however, also contains small amounts of calcium, which may be present in the form of 
calcium oxide. Calcium oxide, which is also reactive with hydrogen sulfide may be 
responsible for some hydrogen sulfide attenuation observed with wood ash. The products 
of attenuation from soil and wood ash are most likely stable under landfill conditions, 
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because the products are sulfide. Both municipal incinerator ash and weathered cement 
kiln dust seem to have significant amounts of sulfate and sulfite as reaction products, 
both of which may cause odor issues in landfill settings. It is recommended that all 
materials continue to be investigated further to see if they may potentially reduce diffuse 
hydrogen sulfide emissions from the application of C&D debris fines as alternative daily 
cover at landfills. 
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CHAPTER 4 
IN-SITU INVESTIGATION OF RECYCLED/INDUSTRIAL MATERIALS FOR 
HYDROGEN SULFIDE ATTENUATION 
Introduction 
As recycling rates of C&D debris have increased over the last ten years, facility 
operators must find markets for their products in order for recycling to continue 
(Tchobangolous and Krieth, 2002; Townsend et al., 2004). In order for a market to be a 
viable option, it must cost less to process the product than disposal costs, and be 
permissible by regulations (Townsend et al., 2004). One potential market solution for 
C&D debris fines has been application at landfills as alternative daily cover. Hydrogen 
sulfide emissions from landfills accepting C&D debris and using C&D fines have been a 
significant issue for many landfills and in some cases the acceptance of C&D debris 
based on odor issues has been banned (Johnson, 1986; Fairweather and Barlaz, 1998; 
Flynn, 1998; Kim et al; 2006; Lee, 2000; Takeshita and Higuchi, 2007; Yang et al., 2006; 
Lee et al., 2006; O'Connell, 2005). It has been well documented that once disposed, of 
C&D debris containing gypsum wallboard is capable of producing hydrogen sulfide (Lee, 
2000; Yang et al , 2006; Lee et al., 2006; O'Connell, 2005; Takeshita and Higuchi, 
2007). Additionally, studies have confirmed that gypsum wallboard with paper backing 
alone is capable of producing hydrogen sulfide (Lee, 2000; Takeshita and Higuchi, 
2007). Odors as a result of hydrogen sulfide release are not only a nuisance, but in high 
enough concentrations they may pose a threat to landfill workers (Flynn, 1998, Lee, 
2000). 
One way to reduce the odor issues at landfills would be to remove the gypsum 
drywall fraction from the C&D debris. This solution, though potentially effective, may be 
impractical due to the fact that many small pieces of gypsum drywall will remain in the 
fines and the inability to recycle all gypsum drywall. At present, gypsum drywall 
quantities in C&D debris are being reduced through the recycling of "clean" (e.g., 
without paint) construction gypsum drywall. Demolition gypsum, however, is not 
recycled. There are companies in Europe that actively recycle demolition gypsum 
drywall, however potential contamination remains an obstacle to recycling in the US. 
Technologies exist to recycle materials with contamination yet US regulations continue 
to prohibit such recycling. Though quantities of gypsum drywall in C&D debris may be 
reduced, ultimately quantities sufficient to raise concerns persist. As it is not possible to 
remove all of the drywall and the potential for odor issues still may exist, other options 
must be explored. Viable solutions, such as an addition of an amendment to C&D debris 
fines to mitigate hydrogen sulfide emissions need to be found to prevent long negative 
impacts from the banning of C&D debris as alternative daily cover. 
The primary objective of this study was to test the effectiveness of amendments 
for hydrogen sulfide attenuation under simulated landfill conditions. This experiment 
specifically sought to observe hydrogen sulfide generation over time, understand how 
materials that attenuated hydrogen sulfide well in ex-situ experiments could be applied to 
in-situ settings as amendments and to monitor the long-term effects of the amendment on 
overall hydrogen sulfide generation. 
These goals were achieved through first classifying the composition of C&D 
debris fines and residuals through mechanical and hand sorting, and characterizing 
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sampled C&D debris fines and residual sulfate concentrations. Bench scale testing in the 
laboratory of hydrogen sulfide generation on blindly and randomly sampled C&D debris 
fines and residuals was conducted to observe hydrogen sulfide concentrations over time 
from real samples. Amendments were tested for effective hydrogen sulfide attenuation 
through the use of simulated fines (to maintain consistent gypsum concentrations in all 
columns). 
Methods and Materials 
Samples of C&D debris fines and residuals were collected from two facilities 
referred to as "Facility A" and "Facility B". The C&D debris and residuals were 
characterized through both mechanical and manual separation. Additionally the sulfate 
and gypsum percentages of the C&D debris and residuals were analyzed through three 
different methods. The methods and results of the C&D debris and residual 
classifications and the sulfate and gypsum percentages are contained in Appendix F. Due 
to the fact that the composition of C&D debris is heterogeneous, simulated fines were 
created based upon the results of the characterization study. This ensured that the gypsum 
drywall quantities in the columns with the amendments was consistent. 
Twelve 3-ft high and 8-in diameter PVC columns were built to simulate landfill 
conditions. Columns were filled from bottom to top with 3-in of 0.5-lin diameter gravel, 
a No. 200 stainless steel mesh screen, and the materials to be tested. Columns either 
contained the samples of C&D debris fines (3 in size pieces), C&D debris residuals (6 in 
size pieces), simulated fines (2x2 in size pieces) or simulated fines with amendments. A 
cap with a water distribution system was placed on top of the column. The water 
distribution system ensured the water would be dispersed of evenly within the column. 
Vacuum locking valves were used to minimize air intrusion. Figure 4.1 provides a 
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Figure 4.1 Schematic of the In-Situ Experimental Column 
Four columns contained actual samples from C&D processing facilities and the 
remaining columns contained simulated C&D debris fines with varying amounts of soil 
and wood ash as amendments (Table 4.1). The columns that contained real samples were 
used to evaluate hydrogen sulfide formation from C&D debris fines alone. If hydrogen 
sulfide were generated, the real samples would also provide a baseline of hydrogen 
sulfide generation. Wood ash was chosen as an amendment based on previous ex-situ 
hydrogen sulfide attenuation studies as it appeared to attenuate more efficiently than the 
other materials tested which included soil, municipal incinerator ash, and weathered 
cement kiln dust. Soil was chosen as the second amendment (though it did not attenuate 
as well as the weathered cement kiln dust or municipal incinerator ash) due to the fact 
that it is readily available and commonly used in landfills as daily cover. All columns 
were constructed with 25% moisture content to initiate hydrogen sulfide generation. 
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Three leachate parameters were monitored to evaluate the experimental 
simulation of landfill conditions: dissolved oxygen (DO), oxidation reduction potential 
(ORP) and pH. The leachate from a landfill is reflective of the conditions under which it 
was created. Low leachate dissolved oxygen and oxidation reduction potential are 
accepted indicators of anaerobic conditions. The pH of the leachate was monitored to 
compare it to the values typically observed in landfills. Leachate temperature was 
measured to evaluate levels for microbial activity. Furthermore, conductivity, a measure 
of the ions in solution was taken. The conductivity measurement is useful for determining 
whether or not ionic compounds are present. The sulfate and sulfide concentrations were 
also measured as one method to monitor the sulfate reducing bacteria activity within the 
columns. First, the sulfate must be dissolved in solution in order for the microbes to 
reduce it to sulfide. Sulfide present in the solution is indicative of the reduction of sulfate. 
Columns were monitored on a weekly basis. Each column received 500ml of 
reverse osmosis (RO) water a week, which represented 5 days of typical rainfall for New 
Hampshire. The process was accelerated by adding 5 days of typical rainfall weekly in an 
effort to produce hydrogen sulfide within the experimental time frame. Gas and leachate 
were also collected from the columns on a weekly basis. RO water was added as the 
leachate was drained for analysis. 
The gas volume was measured by collecting the gas in 1.5 L Tedlar® bags. The 
bag was then submerged in a large beaker to determine the volume of gas by water 
displacement. This method, which was much more efficient than extracting the gas from 
the bag with a syringe, was found to be equivalent. Hydrogen sulfide gas concentrations 
were measured using a Jerome 631-X (Arizona Instruments) for concentrations up to 
50ppm or RAE gas detection sticks (RAE Instruments) for concentrations above 50ppm. 
The hydrogen sulfide concentrations were initially measured using the Jerome Meter for 
the first two weeks of the experiment for concentrations below 50ppm. Appendix A 
contains additional information on the precision and accuracy of the instruments used in 
this study. 
Immediately after the leachate was collected, it was analyzed for pH, DO, 
conductivity and ORP. Additional portions of leachate were reserved for sulfate and 
sulfide analyses. All sulfide analyses were completed within 24hrs following collection 
and the sulfate analyses were completed within 28 days unless otherwise specified by 
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Resource Labs of Portsmouth. In the beginning of the experiment there were some 
technical difficulties with the first conductivity/ORP probe used, however by day 84 a 
new YSI pH/DO/ORP/Conductivity multi-probe was obtained and used for the duration 
of the experiment. Appendix A contains additional information on the instruments used 
for leachate parameter monitoring. 
The column experiments ran for a period of 258 days. There was a brief time 
period of 20 days from September 8, 2006-September 29, 2006 when the columns had to 
be removed out-of-doors in order to construct a negative pressure enclosure. The negative 
pressure enclosure was necessary for safety reasons due to the high hydrogen sulfide 
concentrations. For the 20 day time period that the columns were outside they did not 
receive water nor was leachate generated. Gas volumes and concentrations however were 
continually monitored. 
Results and Discussion 
A variety of leachate parameters were monitored to characterize typical landfill 
conditions were achieved within the columns. The DO and ORP of the leachate were 
analyzed to verify anaerobic conditions had been realized. Leachate pH and sulfate 
concentrations were monitored to ensure that those parameters fell within ranges typical 
of landfills. Sulfate in particular, must be present in solution in order for the SRB to 
metabolize it and produce hydrogen sulfide. 
Though it is understood that anaerobic conditions require the absence of oxygen, 
it is generally accepted that there may be pockets of anaerobic conditions and aerobic 
conditions within a landfill. Upon the collection of leachate it is exposed to oxygen and 
106 
oxygen will therefore begin to immediately dissolve in the leachate. Due to oxygen 
exposure it may not be possible to measure leachate with zero DO from landfills and 
simulated landfill experiments. Low leachate DO measurements have been used to 
indicate anaerobic conditions (Jang et al., 2003; Jambeck et al., 2008). The average 
leachate DO values in this study were relatively low, below lmg/L in most cases. Based 
on the low leachate DO levels it is assumed that there are some anaerobic pockets within 
the columns. Leachate ORP values were below -50mV, indicating conditions appropriate 
for sulfate reduction. The average leachate pH for the columns remained neutral. Table 
4.2 shows mean concentrations of the various leachate parameters monitored of all the 
columns. 
Table 4.2 In-Situ Mean Leachate Values for Experimental Columns 
Sample 
Facility A 
Facility A Duplicate 
Facility A Residuals 
Facility B Fines 
Simulated Fines 
SF w/ 5% Wood Ash 
SF w/10% Wood Ash 






































































Based upon the results of the various parameters monitored in this experiment, it 
can be concluded that landfill conditions were simulated. Average pH values of landfills 
typically range from 4.5-9 and average ORP values indicative of sulfate reduction occur 
between approximately -50 mv to -100 mv. Sulfate concentrations typically range from 8 
mg/1 to7750 mg/1 in landfills (Kjeldsen et al., 2002). The pH, ORP and sulfate average 
values fall within the range typical landfill values. The slightly elevated conductivity 
values of the Wood Ash Columns suggest that the wood ash contains ionic compounds 
that are readily dissolved into solution. 
The Simulated Fines with Wood Ash Columns did exhibit slightly higher pH 
values than the other columns in the study. Their elevated pH values are attributed to the 
alkaline nature of wood ash. Figure 4.2 illustrates the average pH values observed for the 
Simulated Fines and Wood Ash Columns. Tables and graphs of all leachate data are 
presented in Appendix G. 
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-A- Simulated Fines 
Simulated Fines 5% Wood Ash 
—•- Simulted Fines 5% Wood Ash Duplicate 
- O - Simulated Fines 10% Wood Ash 
- * - Simulated Fines 20% Wood Ash 
5.0 
50 100 150 
Days 
200 250 300 
Figure 4.2 pH vs Time for Simulated Fines and Wood Ash Amended Columns 
The pH of the Simulated Fines with 20% Wood Ash Column was the highest, but 
then reduced to just below seven by day 61. The elevated pH of the Simulated Fines with 
20% Wood Ash Column is most likely a result of the alkaline characteristics of wood ash. 
Low gas volume production in the Simulated Fines with 20% Wood Ash also 
corresponds to the high pH (see Figure 4.3). It is hypothesized the elevated pH may have 
initially inhibited SRB growth to some degree as ideal SRB conditions range between pH 
values of 6.6-7.4 (Hickman, 1999). The pH of the other columns remained consistent 
throughout the duration of the experiment and did not vary to the degree observed with 
the Simulated Fines with Wood Ash Columns. 
The gas volumes produced by the columns were variable. The columns that did 
not produce appreciable volumes of gas did produce enough gas for hydrogen sulfide 
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concentration monitoring. The lack of gas production from some columns has not been 
perceived as a failure due to the fact that hydrogen sulfide concentrations were 
successfully monitored in all columns. The gases produced from the columns are most 
likely a mix of gasses, not unlike the gases produced at landfills. Gases likely included 
carbon dioxide, methane, hydrogen sulfide and other reduced sulfur gases, Figure 4.3 











£3 Facility A Fines 
H Facility A Fines Duplicate 
I Facility A Residuals 
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lSFw/10% Wood Ash 
I SF w/ 20% Wood Ash 
Figure 4.3 Volume of Gas Produced from In-Situ Column Experiment 
*Does not include the volume of gas sampled weekly for hydrogen sulfide concentration 
Hydrogen sulfide concentrations in the columns were monitored throughout the 
duration of the experiment. It was expected that columns with lower gypsum content 
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and/or amendments would generate less hydrogen sulfide. This hypothesis held for the 
sampled columns and simulated fines column. Columns that did not contain amendments 
with higher gypsum contents produced higher hydrogen sulfide concentrations. The 
graph in Figure 4.4 compares the hydrogen sulfide concentration through duration of the 
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Figure 4.4 Hydrogen Sulfide Concentrations in Real and Simulated Sample 
Columns 
The Facility A Fines Columns duplicated well. Additionally, the Facility A 
Residuals Column, which contained a similar amount of gypsum produced comparable 
hydrogen sulfide concentrations to the Facility A Fines Columns. Hydrogen sulfide 
concentrations from the Facility B Column and Simulated Fines Columns both contained 
higher amounts of gypsum and produced higher amounts of hydrogen sulfide. The 
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increase in hydrogen sulfide concentration is attributed to the increased availability of 
sulfate in columns with higher gypsum contents. 
If hydrogen sulfide is used as a benchmark of microbial activity it is evident that 
the columns exhibited a period of exponential growth, except the Facility A Residuals 
Column. The Facility A Residuals Column had a lag phase followed by exponential 
growth, as it reached the levels the Facility A Fines Columns after 90 days. The longer 
lag phase observed with the Western Residuals may be due to the relatively low density 
of the residuals (see Appendix I). The lower density would have allowed for larger voids 
within the column. The large voids may have held larger amounts of oxygen than the 
voids within the Facility A Fines and Facility A Fines Duplicate Columns. Larger stores 
of oxygen in the Facility A Residuals Column would have taken longer to be depleted. 
This theory may explain the lag phase observed with the hydrogen sulfide concentrations. 
The premise that the columns with lower amounts of gypsum and/or amendments 
would generate lower hydrogen sulfide concentrations did not hold for all columns in the 
study. Figure 4.5 illustrates the observed hydrogen sulfide concentrations observed in the 
columns with amendments and the Simulated Fines Column. 
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Figure 4.5 Hydrogen Sulfide Concentrations in Simulated Fines Column and 
Simulated Fines Columns with Amendments 
The simulated fines columns with the wood ash appeared to primarily have higher 
hydrogen sulfide concentrations than the columns containing soil as an amendment and 
the Simulated Fines Column. The increase in hydrogen sulfide concentrations in some 
cases was by an order of magnitude. All Simulated Fines columns with amendments 
exhibited exponential growth, like the columns that contained real samples. The 
Simulated Fines Column with 20% Wood Ash did appear to have a lag phase. The lag 
phase exhibited in the Simulated Fines Column with 20% Wood Ash may be attributed to 
the higher leachate pH values. Hydrogen sulfide concentrations reached similar values at 
the same time as the leachate pH values for that column neutralized (see Figure 4.2). 
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The 5% Wood Ash Duplicate remained relatively close to the concentrations in 
the Simulated Fines Column, though the concentrations were still higher. The 5% Wood 
Ash Column and the 10% Wood Ash Columns had the highest concentrations of 
hydrogen sulfide. The 20% Wood Ash Column maintained hydrogen sulfide 
concentrations relatively similar to the Simulated Fines and 5% Wood Ash Duplicate 
columns. 
If the Simulated Fines column without soil is used as a benchmark for simulated 
fines generation, soil appeared to reduce hydrogen sulfide concentrations most 
successfully in this study. The soil provided the least attenuation in previous ex-situ 
column experiments, however hydrogen sulfide concentrations were reduced from the 
simulated fines values in this experiment by about half in the case of the 2:1 and 3:1 
Soil Simulated fines ratios. The predominant factor for the reduction of hydrogen sulfide 
may be dilution of the gypsum content. However, some attenuation may also be 
contributed to the reactive metal oxide fraction within the soil. Attenuation from metal 
oxides would most likely be from iron oxides in the soil. A previous analysis (in Chapter 
3) confirmed the presence of reactive iron in the soil. Furthermore, the literature suggests 
that hydrogen is reactive with metal oxides, particularly ferric oxides. It is evident that 
both the Simulated Fines Column and the 1:1 SoikSimulated Fines Column maintained 
relatively similar concentrations. This may be due to the fact that at a ratio of 1:1 
Soil:Simulated Fines dilution is not significant enough to reduce hydrogen sulfide 
concentrations and any attenuation through the metal oxide fraction in the soil is minimal. 
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The columns all had varying concentrations of gypsum content. Table 4.3 
provides the maximum and minimum hydrogen sulfide concentrations observed in the 
columns relative to the gypsum percentage within the column. 
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The maximum concentrations of the Western Fines and Western Residuals all 
reached the same maximum concentration, 2,000ppm. Additionally, the Other Facility 
Fines (14% gypsum) and Simulated Fines (10% gypsum) had hydrogen sulfide 
concentrations within the same order of magnitude, 30,000ppm and 40,000ppm 
respectively. Beyond those columns it does not appear as though hydrogen sulfide 
concentrations scaled linearly, which suggest other factors may contribute to hydrogen 
sulfide generation. Both the 5% Wood Ash Columns contained 9.5% gypsum, however 
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the hydrogen sulfide generation varied an order of magnitude. Additionally the 10% 
Wood Ash Column contained 9% gypsum and the maximum concentration of the column 
was the highest of all columns at 170,000ppm. The 20% Wood Ash Column reached a 
maximum concentration of 70,000ppm. 
Preliminary laboratory experiments suggested that wood ash would be very 
effective for attenuating hydrogen sulfide with an average attenuation of 12.3mg H^S/g of 
material at 10,000ppm. The wood ash is suspected to attenuate hydrogen sulfide 
primarily through sorption onto inorganic carbon, however there may be some chemical 
interactions with trace calcium oxides that may be present. Due to the fact the hydrogen 
sulfide concentrations are elevated above levels observed within the Simulated Fines 
Column, it is not possible to ascertain whether or not these mechanisms were actively 
attenuating the hydrogen sulfide under the simulated landfill conditions. Upon further 
investigation, it has become evident in the literature, that wood ash has demonstrated an 
increase in microbial activity in soils (Baath and Araebrant, 1994; Fritze et al., 2000; 
Demeyer et al., 2001; Perkimaki and Fritze, 2002). This increase in activity may be due 
to the fact that it contains significant amounts of micro and macro nutrients (Demeyer et 
al., 2001). It is hypothesized that the elevated hydrogen sulfide concentrations observed 
in the Wood Ash Columns can be attributed to increase in microbial activity due to 
increased supply in macro and/or micro nutrients. The variation in hydrogen sulfide 
concentration between the two duplicate 5% Wood Ash Columns was an order of 
magnitude and therefore did not duplicate well. There may have been other factors 
affecting biological processes that have not yet been determined which could explain the 
variation. 
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Two Soil:Fines columns were effective at reducing hydrogen sulfide 
concentrations from the Simulated Fines hydrogen sulfide concentrations. The 1:1 
SoikFines ratio did not appear to be as effective as it had a maximum hydrogen sulfide 
concentration of 60,000ppm. The two Soil Columns with Soil:Fines ratios of 2:1 and 3:1 
were more effective, reducing maximum hydrogen sulfide concentrations to 5,000ppm. 
Although soil in a 2:1 and 3:1 Soil:Simulated Fines ratio appeared to reduce hydrogen 
sulfide concentrations more successfully than wood ash, it should be noted that the 2:1 
and 3:1 Soil:Simulated Fines Columns hydrogen sulfide concentrations were elevated 
above the real samples with similar percentages of gypsum. This means that other 
variables affected hydrogen sulfide concentrations beyond gypsum content only. Soil 
could be a potential in-situ attenuation material since when compared to the simulated 
fines, hydrogen sulfide concentrations were less for 2:1 and 3:1 soil contents. 
Conclusions 
Landfill conditions were successfully simulated in this experiment and the 
columns generated varying concentrations of hydrogen sulfide. Though gypsum content 
was appeared to influence hydrogen sulfide concentrations in the real samples and 
Simulated Fines, in the case of the amendments it did not. Wood Ash appeared to 
increase overall hydrogen sulfide concentrations, in some cases by an order of magnitude 
above concentrations observed with Simulated Fines. This experiment confirmed 
previous studies which indicate that C&D debris fines that contains gypsum wallboard, in 
and of itself is capable of producing hydrogen sulfide as it degrades. Secondly, this 
experiment has demonstrated that the concentrations of hydrogen sulfide from C&D 
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debris can potentially be mitigated, or even increased depending on the material added or 
mixed-in. 
Clearly the hydrogen sulfide concentrations in the Wood Ash Columns were the 
highest in the experiment. Based on literature, it has been determined that wood ash will 
increase the micro and macro nutrients in soil (Baath and Arnebrant, 1994; Fritze et al., 
2000; Demeyer et al., 2001; Perkimaki and Fritze, 2002). It is hypothesized that the wood 
ash essentially served as "food" for the microbes providing the limiting nutrients needed 
for growth. 
The SoilrFines Columns appear to have reduced hydrogen sulfide concentrations 
at least at the 2:1 and 3:1 ratios from the Simulated Fines concentrations. Though a 
considerable amount of reduction in hydrogen sulfide concentration may be due to the 
pure dilution of the gypsum, it is not possible to rule out interactions between the 
hydrogen sulfide and metal oxides within the soil namely iron oxides. 
This study has demonstrated that materials that effectively attenuate hydrogen 
sulfide in ex-situ experiments may perform differently in-situ, specifically in the case of 
the wood ash. Soil, which does not attenuate large amounts of hydrogen sulfide ex-situ 
was the amendment that most notably reduced hydrogen sulfide concentrations in this 
study. It has been determined that soil may potentially be a useful amendment to reduce 
hydrogen sulfide concentrations. Based on the results of this study, it is advisable that 
any material to be used for diffuse hydrogen sulfide mitigation at a landfill be tested 
experimentally prior to its application at a landfill. 
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CHAPTER FIVE 
CONCLUSIONS AND RECOMMENDATIONS 
There is extensive information in the literature regarding current hydrogen sulfide 
removal technologies and the ongoing research associated with those technologies. Based 
on a review of current technologies, a material that functions as traditional scavengers 
appears to be the most viable option for diffuse or alternative hydrogen sulfide emissions 
control at landfills. Scavengers attenuate hydrogen sulfide by reacting with the gas and 
forming solid precipitates on their surface. Scavenger technologies closely mimic the 
reactions that occur in nature between hydrogen sulfide and hydrous ferric oxide 
minerals. 
The use of a material that could be mixed in or layered with the C&D 
debris fines would in essence behave as the hydrous ferric oxide minerals in nature. As 
the hydrogen sulfide naturally diffuses it would react with the scavenger like material. 
The limiting factor of the reaction would be the exhaustion of the scavenger like material. 
There are many benefits of using a technology based on the reaction between hydrogen 
sulfide and the ferric oxide minerals in nature. Based on the conditions under which 
pyrite forms, it is reasonable to assert that the reaction would occur in the landfill setting. 
Additionally, ferric sulfides are stable under landfill conditions, therefore it is unlikely 
hydrogen sulfide would be regenerated. 
Following material classification, the primary reaction most likely responsible for 
hydrogen sulfide attenuation for all materials is the reaction between the hydrogen sulfide 
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and metal oxide minerals. The products of the reaction are metal sulfides. Ferric sulfides, 
in particular are stable under anaerobic landfill conditions. It is recommended however 
that any material which attenuates hydrogen sulfide through reactions with calcium oxide 
or calcium carbonate, be tested under simulated landfill conditions in order to study the 
stability of the reaction products under landfill conditions. 
One of the crucial discoveries in this study is the difference between expected 
attenuation based on ex-situ laboratory experiments versus hydrogen sulfide generation in 
the in-situ landfill simulation experiments. The different attenuation characteristics of 
materials observed in-situ versus ex-situ is further confirmation that all materials should 
be evaluated in the environment under which they would be used to evaluate their 
performance. In general, further pilot testing at landfills is recommended to determine the 
material's effectiveness and safety in the landfill environment. If the use of wood ash 
were to be explored ex situ, it may be beneficial to design rapid small scale column tests 
to predict attenuation results that may be observed in a filter system. Soil may be a 
potentially useful amendment to reduce hydrogen sulfide concentrations in landfills. 
This work has served to answer many questions regarding hydrogen sulfide 
attenuation. It appears as though there may be a viable recycled industrial material that 
could be used to control the diffuse emissions of hydrogen sulfide in landfills. Materials 
that are rich in metallic oxides are most promising. Though wood ash has preformed 
poorly in simulated landfill settings, it may work well a more traditional scavenger 
system set up for hydrogen sulfide removal where landfill gas passes through reactor 
vessels filled with the material. 
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This research provides promising insight to the challenges associated with 
hydrogen sulfide emissions at landfills. Recommended future research would be to 
continue testing the materials in simulated landfill settings or pilot settings. Pilot scale 
settings should include the use of real landfill gas as well. Based on the hypothesis that 
both the wood ash and soil contributed to microbial activity, it does not appear as though 
either the weathered cement kiln dust or municipal incinerator ash contain components 
that would significantly stimulate biological growth based on the literature and material 
classification. These two materials could be tested for in-situ attenuation. 
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Instrument Accuracy and Precision Data 
H?S: Detection tubes + pump by RAE system 
Manuf. Reported ACCURACY 
Concentration (ppm) 
50 - 800 
1000-20000 




+ / -10% 
o UNH conducted Accuracy and Precision 
• Accuracy at 50 ppm (three readings) - 167% +/- 15 % 
• Accuracy at 10,000 ppm (three readings) - 107% +/- 2.5 % 
• Precision at 2000 ppm (three readings) +/- 0 % 
• Precision at 30,000 - 40,000 ppm (three readings) +/- 17 % 
• Precision at 140,000 - 160,000 ppm (three readings) +/- 8 % 
H?S meter : Jerome® 631-X by Arizona Instrument 
Manuf. Reported ACCURACY JEROME METER 
Concentration (ppm) 









pH meter : Accumet AB15 Basic by Fisher Scientific 
Manuf. Reported ACCURACY DH METER 
+/- 0,01 
Conductivity meter : Orion 555A by Thermo Electron Corporation 
Manuf. Reported ACCURACY CONDUCTIVITY 
METER 






+/- 5 uS 
+/- 3 % 
• Sulfide Analyzer, Spectrophotometer : DR/2000 by HACH 
Manuf. ReDOrted ACCURACY 
SPECTROPHOTOMETER 
+/- 2 % 
DO meter : YSI 556 MPS by GENEQ 
Manuf. Reoorted ACCURACY DO METER 
Concentration (mg/L) 
0 - 2 0 
2 0 - 5 0 
Accuracy 
+/- 2 % 
+/- 6 % 
ORP meter : Model 8100 pH/Temp./mV by VWR Scientific Products 
Manuf. ReDOrted ACCURACY ORP METER 
+/- 0,2 mV 
YSI 556 Multi Probe System (Manuf. Reported) 
o DO Meter- Steady State Polargraphic Probe 
Range 0-20mg/L 
Accuracy +/- 2% of reading or .2mg/L which ever is greater 
Range 20-50mg/L 
Accuracy +/- 6% of reading 
o Temperature- YSI Precision® Thermistor 
Range -5°-45°C 
Accuracy+/-.15°C 
o Conductivity-4 Electrode Cell with Auto Ranging 
Range 0-200 mS/cm 
Accuracy +/- .5% of reading or .001 mS/cm which ever is greater 
o pH- Glass Combo Electrode 
Range 0-14 units 
Accuracy +/-.2 units 
o ORP-Platinum Bottom Probe 
Range -999-999 mV 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































UnivMsal V4.1D TA Instruments 




















Universal V4.1DTA instruments 





Universal V4.1DTA InsSramente 
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Figure D.l: MSW Incinerator Ash Sample la XPS Spectra 
-( 
Table D.l: MSW Incinerator Ash Sample la Elemental Quantification Report 
Peak 
0 I s 
Ma 1.3 
C 1* 




































































Lens MotteSlol-M ResoluiloarPass energy 80 Anotte:Mg 
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Figure D.2: MSW Incinerator Ash Sample la Sulfur Species XPS Spectra 
Table D.2 MSW Incinerator Ash Sample la Sulfur Species Quantification Report 
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tens Mode:Slnt-M Resalu!ion:Pass energy SO Anode.'Mg 
Step(meV): 1000.0 DweliCms}: 200 Sweeps: 1 
Acquired On :08/i>5/0611:42:01 QN : Off 
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Figure D.3: MSW Incinerator Ash Sample lb XPS Spectra 
Table D.3: MSW Incinerator Ash Sample lb Elemental Quantification Report 
Poak 
0 Is 
MB I S 
C I s 
CI 2p 
Si 2p 
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Figure D.4: MSW Incinerator Ash Sample l c XPS Spectra 
Table D.4: MSW Incinerator Ash Sample l c Elemental Quantification Report 
P e a k 
O I s 
C a 2 p 
C I s 
C I 2 p 
P o - s i t i o r * 
BE (eV) 
BJ't 0011 
3 5 4 , QC1Q 
2 9 2 0 0 0 
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Figure D.5: MSW Incinerator Ash Sample 2a XPS Spectra* 
* Sulfur peak is present but not labeled 
Table D.5: MSW Incinerator Ash Sample 2a XPS Spectra Quantification Report 
Peak 
fl I s 
Ma I s 
8a 2p 
G I s 
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Figure D.6: MSW Incinerator Ash Sulfur Species XPS Spectra* 




Ixns Mode.Slot-M Resolution:Rass energy SO Anode:Mg 
StepdneVl; 1000.0 Dwellfais): 200 Sweeps: 1 
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Figure D.7: MSW Incinerator Ash Sample 2b XPS Spectra 
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Figure D.8: MSW Incinerator Ash Sample 2b Sulfur Species XPS Spectra 
Table D .7 : M S W Incinera tor A s h S a m p l e 2b Sulfur Spec ies Quant i f ica t ion Repor t 
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Figure D.9: Weathered Cement Kiln Dust Sample 1 XPS Spectra 
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Figure D.10: Weathered Cement Kiln Dust Sample 1 Sulfur Species XPS Spectra* 
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Figure D.ll: Weathered Cement Kiln Dust Sample 2 XPS Spectra 
Table D.9: Weathered Cement Kiln Dust Sample 2 Elemental Quantification Report 
Peak 
0 I s 





















































Sulfur 1 spoi2:6(«ieleBttez.052OO8) 
Lens Mode:SJot™M ResoluJfc»:P*» energy 80 Aaode:Mg 
StepCmeV): SO.O DweUCms): 426 Sweeps; 2 
Acquired Oa ;08/Q5/2tf 11:17:2$ C/N:Off 
164 
Binding Eaergy (cV) 
Figure D.12: Weathered Cement Kiln Dust Sample 2 Sulfur Species XPS Spectra* 
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Figure D.13: Wood Ash Sample la XPS Spectra 
Peak 




Figure D.10: Wood Ash Sample la Elemental Quantification Report 
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Figure D.14: Wood Ash Sample la Sulfur Species XPS Spectra 
Table D.l 1: Wood Ash Sample la Sulfur Species Quantification Report 
Peak 
S u l i i d e 
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General Spot 2:3<meleiKte20SI3 
Lens Mode:Sl«-M Resolution:Pass energy SO AnwteMg 
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Figure D.15: Wood Ash Sample lb XPS Spectra 
Table D.12: Wood Ash Sample lb Elemental Quantification Report 
Peek 
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Figure D.16: Wood Ash Sample lb Sulfur Species XPS Spectra 
Peak 
Table D.13: Wood Ash Sample lb Sulfur Species Quantification Report 
P o s i t i o n FWHH Raw Height RSP Atomic Atomic Mass 
BE (eV) (eV) (OPS) Mass Cone % Cone 3 
Sul f ide Spot 2 
Sulfite Spot 2 
Sulfate Spot 2 
162,900 1 367 
167,350 0,048 
171.000 0.000 
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Table D.14: Wood Ash Sample lc Elemental Quantification Report 
P o s i t i o n VWM 
BE (eV) («V) 
S30.003 3 632 
283 000 3.049 
345.000 3,912 
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Figure D.18: Wood Ash Sample lc Sulfur Species Spectra 
Peak 
Table D.15: Wood Ash Sample lc Sulfur Species Quantification Report 
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Figure D.19: Wood Ash Sample 2a XPS Spectra 
Table D.16: Wood Ash Sample 2a Quantification Report 
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Figure D.20: Wood Ash Sample 2b XPS Spectra 
Table D.17: Wood Ash Sample 2b Elemental Quantification Report 
Peak 
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Figure D.21: Wood Ash Sample 2c XPS Spectra 
Table D.18: Wood Ash Sample 2c Elemental Quantification Report 
Peak pos i t ion 
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Figure D.22: Soil Sample la XPS Spectra 
Table D.19: Soil Sample la Elemental Quantification Report 
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Figure D.23: Soil Sample 2 XPS Spectra 
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Table D.21: Soil Sample 3 Elemental Quantification Report 

























































Ex-Situ Hydrogen Sulfide Attenuation Experiment Results 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplemental Information from: AN INVESTIGATION OF RECYCLED 
MATERIALS TO ATTENUATE HYDROGEN SULIFIDE FROM THE 
BENIFICIAL USE OF CONSTRUCTION AND DEMOLITION (C&D) WASTE 
FINES/RESIDUALS AT A LANDFILL 
By 
Jenna Jambeck, Ph.D. 
Kelly Melendez (aka Bryan) 
Oliver Dalbavie 
Ashlee Fuller 
2.0 WMMA C&D Waste Fines Characterization 
This Section of the report provides the results to satisfy Objective 1) to further the goals 
of C&D waste recycling by examining the composition and analysis of C&D waste fines 
over time. C&D waste fines characterization data (sulfate concentrations) were collected 
and compiled from WMMA. Secondly, the sulfate concentration of C&D waste fines and 
residuals were determined in the laboratory at UNH using an alternative extraction 
protocol for comparison purposes. Lastly, C&D waste fines and residuals were 
characterized by mechanical and hand-sorting to determine their composition. 
C&D waste processing samples were collected from Western Processing in Wilbraham, 
MA on two occasions and another independent facility processing MA C&D waste. 
Samples locations and times were independently chosen by UNH personnel and occurred 
during normal operation of the facilities. The first set of samples from Western 
Processing were collected on February 1, 2006 and used for sorting characterization. 
Three 5-gallon buckets of C&D waste fines were collected from each of the fresh piles of 
fines and residuals being generated that day. A second round of sampling was similarly 
completed on May 26, 2006, which involved the collection of samples in buckets from 
the same locations to load the experimental columns. C&D waste fines samples from an 
independently chosen other facility were collected in 5-gallon buckets from the pile being 
generated that day by UNH personnel on June 14, 2006. Wood ash for the experiment 
was sent to UNH from a facility in Maine and the soil was sampled from the Cottage 
Street Landfill on May 26, 2006 by UNH personnel. 
2.1 Sulfate Concentration in WMMA Data Submitted 
C&D waste fines are required to be analyzed in Massachusetts for a number of 
parameters on a regular basis in accordance with beneficial use determination (BUD) 
permits issued by the Massachusetts Department of Environmental Protection (MA 
DEP). For this study, the total sulfate data of the WMMA fines/residuals collected as a 
part of their testing according to their BUD permit, was compiled and examined. Best 
management practices (BMPs) for removing drywall have been in use by WMMA. The 
characterization data were examined to determine if there was a trend to the sulfate 
content of the C&D waste fines over time. 
In accordance with the BUD permit, WMMA contracts with a laboratory to determine 
total sulfate content in the WMMA C&D waste fines and residuals. In order to utilize 
EPA Method 300 (quantification of sulfate by ion chromatography), the sulfate must be 
in solution (the sulfate must be extracted from the solid into a liquid). The contract lab 
reported the method of extraction of the sulfate from the solid to the liquid involves 
adding 100 ml of deionized water to 10 g of sample (C&D fines or residuals) and mixing 
for one hour. The liquid extract is then analyzed by ion chromatography to determine the 
sulfate concentration (EPA Method 300). This concentration (in mg/L) is related to the 
solid and liquid fraction used in the procedure (10 g/100 ml) to determine the amount of 
total sulfate in mg/kg in the solid sample. The sulfate results provided by WMMA are 
plotted over time in Figure 2.1. 
186 
35,000 
~i 1 1 1 1 1 1 r 
12/2*04 2/17/05 4A4S 5/2MS 7/17XJ5 W5/D5 11W5/D5 12/14,05 2/2/D6 3/&MJ6 
Figure 2.1 Western Processing Total Sulfate Results for C&D Waste Fines and 
Residuals 
The sulfate concentrations range between 10,900 mg/kg and 30,600 mg/kg for C&D fines 
and 3,050 mg/kg and 33,100 mg/kg for C&D residuals. Theses concentrations can be 
equated to 1.1% to 3.1% and 0.3%) to 3.3 % of sulfate in the samples. While the 
concentration in C&D residuals appeared to be decreasing, the last two sample rounds of 
the C&D fines saw a slight increase, although for the most part the range of 
concentrations are consistent over time (except for one sample of each the maximum is 
<2.5%) . Total sulfate concentrations can be related to total gypsum drywall 
concentrations by assuming the gypsum drywall is composed of 10% paper and 90% 
gypsum (CaSO^HbO) and utilizing the molecular weights of calcium, sulfur, oxygen, 
and hydrogen. The mass percentage of sulfate in the drywall is calculated to be 50.2%. 
resulting in gypsum drywall percentages in the C&D waste fines and residuals of 2.2% to 
6.2% and 0.6% to 6.6%, respectfully. 
According to the solubility of gypsum reported in Musson et al., Submitted, 5.28% of a 
100 g gypsum sample could be solublized by 2 L of solution. This would mean that 
2.64%) gypsum could be solublized by the method currently being used by the WMMA 
contract laboratory. Although one sample exceeds this percentage, the laboratory stated 
they lowered the percentage of solid to liquid for a sample if necessary, •which might be 
the case with this sample. However, in the current method of 10 g in 100 ml, if the 
sample was more than 2.64%> gypsum, it could reach saturation at normal pH and 
temperature, incorrectly providing a result of 2.6% gypsum. 
187 
2.2 Gypsum Percentage at the UNH Laboratory 
Percent gypsum was calculated for the samples collected by UNH on May 26, 2006 using 
the alternative daily cover (ADC) leaching protocol/standard operating procedure (SOP) 
developed at the University of Florida (Musson et a l , Submitted). This SOP consists of 
the following steps: 
1. 100 g of C&D waste fines or residuals sample is mixed with 2 L of deionized 
water in a capped plastic container. 
2. The container is rotated end-over-end (mixed) for 30 minutes. 
3. 1 L of the liquid is separated from the solid fraction of the sample (by filtration). 
4. The conductivity of the filtrate is then measured with two resulting options: 
a. If the conductivity measured is greater than 500 ^S/cm, 10 mL of this 
solution is kept and mixed with, if necessary, solutions resulting from the 
preceding extractions (see Figure 2.2). 1 L of deionized water is then 
added to the mixture (that the 1 L was removed from), and steps 2 through 
4 are repeated. 
b. If the conductivity measured is lower than 500 |uS/cm, 20 mL of this 
solution is kept and mixed, if necessary, with the solutions resulting from 
the preceding extractions (see Figure 2.2). The sulfate concentration of 
this final solution is measured by ion chromatograph. 
Once the sulfate concentration of the final solution is obtained, the gypsum content or the 
sulfate content can be calculated with the following formulas: 
% Gypsum = (n+1) * Cc * 0.001991 
% Sulfate = (n+1) * Cc * 0.001 
With : n = number of filtrations performed 
Cc = sulfate concentration in mg/L 
Figure 2.2: Example of Creation of a Final Solution for the new SOP 
Based upon the SOP outlined in this section, the results for samples collected from 
Western Processing were 2.4% gypsum for the C&D fines and 1.3% gypsum for the 
C&D residuals. These two percentages are in the range of data provided by WMMA and 
the contract laboratory presented in Section 2.1. When this new SOP was conducted on 
samples from the other independent facility, the C&D waste fines were found to be 14% 
gypsum. All extractions and sample preparations for this experiment were performed at 
UNH, while ion chromatograph analyses were performed by Resource Labs of 
Portsmouth, NH. 
2.3 Sorting and Characterization of WMMA C&D Waste Fines and Residuals 
The C&D fines and residuals collected on February 1, 2006 were characterized by 
separating the waste into components both by hand and mechanically. The samples were 
sorted by a series of screens and then picked through by hand into several categories 
given in Table 2.1. The passing fraction of C&D fines through a #4 (4.75mm opening) 
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screen was not characterized by category, but was further separated into two fractions: 
the fraction remaining on a #40 (0.425mm opening) screen and the fraction passing a #40 
size screen. 
Moisture content analysis was conducted on three samples of each of the C&D waste 
fines and residuals. The moisture content of the residuals and the fines were 25% ± 0.3% 
and 32% ± 9%, respectively. Table 2.1 contains the sorting characterization data of three 
samples of each of C&D waste fines and residuals (average and standard deviation). A 
total of 9.2 kg (20 lb) of residuals were sorted and 26 kg (57 lb) of fines were sorted. 
Figures 2.3 and 2.4 present the average composition by mass. 
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Figure 2.4. Sorting Characterization of WMMA C&D Waste Fines 
The results of the sorting process show that the C&D waste residuals contain mostly 
wood and shingles (nearly 80%), with only approximately 4% passing and retained total 
fractions. The residuals contain no glass/ceramic or brick/stone. The percentage of 
gypsum found by hand sorting was 0.1 %, however, in the extraction characterization 
(Section 2.2), it was found to be 1.4%. It is likely that some gypsum drywall in the waste 
was size-reduced through the recycling process and is contained in the passing and 
retained fractions. Because gypsum may be contained in the passing fraction, the ADC 
procedure (Musson et al., Submitted) was performed on the passing fraction (in 
triplicate). The percentage of gypsum in the passing fraction only, which compose 3.8% 
of the residuals was 8% ± 4% (the elevated standard deviation is from sample results of 
5.3, 5.9, and 12.7%). When the gypsum amount in the passing fraction is considered, 
another 0.3% of gypsum is added to the total bringing the estimate to 0.4% of gypsum in 
the residuals. 
The C&D waste fines contained a much greater fraction of passing and retained materials 
than the residuals as 30% of the fines consisted of the passing and retained fractions. 
Shingles also made up 28% of the C&D waste fines. Wood and concrete made up the 
next greatest fractions at 14% and 6%. The percent gypsum found by hand separation 
was found to be 2.6%, similar to the 2.4% gypsum found in the extraction procedure 
(Section 2.2). However, this does not take into account the gypsum contained in the 
passing fraction, of the fines. When this fraction was analyzed with the ADC method 
(Musson et al., Submitted), the percentage of gypsum in the passing fraction only was 
found to be 20% ± 0.5%. This 20% gypsum content of the 27% of the passing fraction 
added another 5.5% gypsum resulting in an overall total of an estimated 8.1% gypsum 
drywall for the C&D waste fines samples. 
2.4 Summary of WMMA C&D Waste Fines and Residuals Characterization 
Three different methods were used to characterize the total sulfate and gypsum 
percentages in WMMA fines and residuals. Although the contract lab conducted total 
sulfate analyses, the total sulfate content is related to the total gypsum content by the 
method outlined in Section 2.1. A sample from a randomly chosen other facility that 
produces C&D waste fines from MA C&D waste was also analyzed for this project in 
triplicate. Table 2.2 summarizes the results of these methods for comparison. 
191 
Table 2.2. Summary of Sulfate and Gypsum Results for C&D Waste Fines/Residuals 
Method 




Gypsum drywall content 
(sorting) + SOP method1 









0.3 - 3.3% 








'Musson et al., submitted, 2Percent gypsum conversion from total sulfate assumes gypsum drywall is 90% 
gypsum and 10% paper 
The new SOP for sulfate or gypsum characterization for C&D waste fines or residuals is 
a valid method because it allows for a more representative sample (larger sample size, 
100 g versus 10 g) as well as the guarantee that sulfate does not reach the solubility limit 
biasing the sample results low. In this case, the sample results with the new method were 
comparable to the old method, however, this may not be the case if the gypsum content 
was above 2.64%. Table 2.2 also shows that the gypsum percentages of the Western 
Processing fines are in the lower range of the data found in the literature and data from 
another facility processing MA C&D waste. Although the trend of the data does not show 
a significant change after gypsum removal BMPs were aggressively followed at the end 
of 2005, it appears that WMMA already had relatively low percentages of gypsum in the 
C&D fines and residuals produced at Western Processing. 
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1 2 5 3 6 
We igh t i We igh t 
(g) 1 (lb) 
10708 ! 23.6 
0 I 0.0 
1828 ! 4.0 
12536 I 27.6 
Column N°2 : Facility A Fines Duplicate 
























Mo is tu re content 

















































































Column N°4 : Other Facility Fines 




















































Column N 5 : Simulated fines 




























































Weight ! Weight 
(g) I db) 
425 i 0.9 
426 ! 0.9 
112 J 0.2 
1220 J 2.7 
208 ' 0.5 
2318 i 5.1 
190 ~! 0.4 
70 J 0.2 
537 J 1.2 
142 ' 0.3 
883 . 1.9 
2304 ! 5.1 
0 J 0.0 
20SJ4 J 5 
10928 ; 24.1 
Column N°6 : Simulated fines with 5% Wood ash 




























































Weight [ Weight 
(g) J db) 
404 | 0.9 
404 J 0.9 
106 ' 0.2 
1159 > 2.6 
198 1 0.4 
2202 1 4.9 
181 J 0.4 
66 ' 0.1 
510 i 1.1 
135 I 0.3 
839 J 1.9 
2188 | 4.8 
•142 ' 1.0 
1957 • 4.3 
10792 • 23.8 
Column N°7 : Simulated fines with 5% Wood ash Duplicated 
































Mois tu re content 
























Weight I Weight 
(g) j Ob) 
404 i 0.9 
404 1 0.9 
106 [_ 0.2 
__l1_5?__!___2-6__. 
198 I" 0.4 
2202 i 4.9 
181 J 0.4 
66 |_ 0.1 
510 ' 1.1 
135 • 0.3 
839 T 1.9 
2188 | 4.8 
442 ! 1.0 
I •'»''•.• • 1 . 3 
10792 ; 23.8 
Column N°8 : Simulated fines with 10% Wood ash 

































Mois tu re content 


























Weight \ Weight 
(g) ; (lb) 
383 i 0.8 
383 ! 0.8 
100 I 0.2 
1098 | 2.4 
187 ; 0.4 
2086 ; 4.6 
171 ; 0.4 
63 ' 0.1 
483 ' 1.1 
128 ' 0.3 
795 i 1.8 
2073 i 4.6 
883 ' 1.9 
1821 , 4.0 
I0655 ; 23.5 
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Column N°9 : Simulated fines with 20% Wood ash 

































Mois tu re content 












27 70' . 
30.40% 











Weigh t i W e i g h t 
(g) ! ( lb) 
340 J 0.8 
340 ' 0.8 
___89___J___q.2___ 
976 « 2.2 
166 ' 0.4 
1854 . 4.1 
152 . 0.3 
56 ! 0.1 
429 J 0.9 
114 J 0.3 
707 J 1.6 
1843 ', 4.1 
1707 1 3.9 
1548 ; 3.4 
10382 ! 22.9 
Column N°10 : Simulated fines with 50% Soil 















Addit ional water 
















1 0 0 . 0 % 
Mois tu re content 












27 70- . 
11.00% 
/ 




2 5 . 0 0 % 
Tota l 




2 1 0 8 7 
Weigh t ! W e i g h t 
(g) J Ob) 
419 ' 0.9 
419 ' 0.9 
110 . 0.2 
__J201__j__ A6___ 
205 I 0.5 
2283 J 5.0 
188 J 0.4 
69 ' 0.2 
529 ' 1.2 
140 1 0.3 
870 "! 1.9 
??G9 ! 5.0 
8700 ! 19.2 
36S6 | 8.1 
21087 ! 46.5 
Column N°11 : Simulated fines with 66% Soil 




























































Weight ! Weight 
(g) .;.• (ib> 
292 . 0.6 
292 ! 0.6 
77 } 0.2 
838 ' 1.8 
143 ' 0.3 
1592 [ 3.5 
131 { 0.3 
48 I 0.1 
369 _ _ ] _ _ _ 0.8 
98 T ~ ~ 0.2 
607 [ 1.3 
1582 J 3.5 
12136 ! 26.8 
.1704 ' 8.2 
21907 J 48.3 
Column N°12 : Simulated fines with 75% Soil 






























































267 [ 0.6 
268 ; 0.6 
70 0.2 
767 • 1.7 
1_31__T__ 0.3 
1457 J 3.2 
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 ± 0.3 
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Figure 1.1: Dissolved Oxygen of Real Samples vs Simulated Fines 
- A - Facility A Fines 
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Figure 1.4: Oxidation Reduction Potential of Real Samples vs Simulated Fines 
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Figure 1.5: Temperature of Real Samples vs Simulated Fines 
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Figure 1.6: Dissolved Oxygen of SF w/ Wood Ash vs Simulated Fines 
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- £ - Simulated Fines 
-®- Simulated Fines 5% Wood Ash 
- • - Simulated Fines 5% Wood Ash Duplicate 
- O - Simulated Fines 10% Wood Ash 
- * - Simulated Fines 20% Wood Ash 
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• Simulated Fines 
- B - Simulated Fines 5% Wood Ash 
- O - Simulated Fines 5% Wood Ash Duplicate 
—•- Simulated Fines 10% Wood Ash 
-5K- Simulated Fines 20% Wood Ash 
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Figure J.10: Oxidation Reduction Potential of SF w/ Wood Ash vs Simulated Fines 
5 
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4 ' - * - Simulated Fines 75% Soil 
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Figure 1.11: Dissolved Oxygen of SF w/ Soil vs Simulated Fines 
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Figure 1.13: Conductivity of SF w/ Soil vs Simulated Fines 
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- B - Simulated Fines 50% Soil 
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Figure 1.14: Oxidation Reduction Potential of SF w/ Soil vs Simulated Fines 
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Figure 1.15: Temperature of SF w/ Soil vs Simulated Fines 
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Note: N/A=sample not available for result 













































































































































































































































































































































































Note: N/A=sarnple not available for result 













































































































































































































































































































































































Note: N/A=sample not available for result 























































































































































































































































































































































































Note: N/A=sample not available for result 
'Sample analyzed after 28 day expiration 
** Sodium molybdate added 0.1g 
period 
Sodium molybdate was added to this column dissolved in the 500ml RO water added 
every week on day 237. The purpose for adding sodium molybdate was to investigate the 
effects of the compound on hydrogen sulfide concentration. It does not appear based on 
this data the addition of sodium molybdate influenced the results as the hydrogen sulfide 
concentrations continued to drop but then sharply rose. 
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Note: N/A=sample not available for result 
"Sample analyzed after 28 day expiration period 
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Note: N/A=sample not available for result 
"Sample analyzed after 28 day expiration period 
"Sample analyzed after 24 hour expiration period 







































































































































































































































































































































































Note: N/A=sample not available for result 
*Sample analyzed after 28 day expiration period 
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Note: N/A=sample not available for result 
"Sample analyzed after 28 day expiration period 
"Sodium Molybdate 0.21g added 
Sodium molybdate was added to this column dissolved in the 500ml RO water added 
every week on day 237. The purpose for adding sodium molybdate was to investigate the 
effects of the compound on hydrogen sulfide concentration. It does not appear based on 
this data the addition of sodium molybdate influenced the hydrogen sulfide concentration 
as it was not reduced. 
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Note: N/A=sample not available for result 
"Sample analyzed after 28 day expiration period 
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Note: N/A=sample not available for result 
•Sample analyzed after 28 day expiration period 
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Note: N/A=sample not available for result 
•Sample analyzed after 28 day expiration period 
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Note: N/A=sample not available for result 
"Sample analyzed after 28 day expiration period 
